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Abstract
Rhopalosiphum padi vims (RhPV) is one of several picorna-like viruses that infect 
insects; sequence analysis has revealed distinct differences between these agents and 
mammalian picornavimses. RhPV has a single-stranded positive sense RNA genome 
of about lOkb; unlike the genomes of the Picornaviridae, however, this genome 
contains two long open reading frames (ORFs). ORFl encodes the virus non- 
structural proteins, while ORF2 specifies the structural proteins. Both ORFs are 
preceeded by long untranslated regions (UTRs). The intergenic UTR is known to 
contain an internal ribosome entry site (1RES) that directs non-AUG-initiated 
. translation of ORF2. The 5’ UTR of RhPV was assayed for 1RES activity by 
‘ translating synthetic bicistronic mRNAs containing this sequence in a variety of
ê\ i systems. The 5’ UTR contains an 1RES element that directs internal initiation of 
} protein synthesis from an AUG codon in mammalian, Drosophila and plant in vitro 
systems and in vivo in an insect non-aphid cell line. In contrast, the 
encephalomyocarditis virus 1RES only functions in mammalian in vitro and in vivo 
systems. The RhPV 5’ 1RES element has features in common with picornavirus 1RES 
elements, in that no coding sequence is required for 1RES function, but also with 
cellular 1RES elements, as deletion analysis indicates that this 1RES element does not 
have sharply defined boundaries. 1RES activities of the 5’ UTRs of other insect 
picorna-like viruses Acyrthosiphon pisum virus (APV) and the type 2 insect picorna- 
like virus Sacbrood vims (SBV) were also examined. Both viruses were shown to 
contain 1RES elements that functioned in mammalian and plant in vitro systems and 
in vivo in an insect non-aphid cell line. Comparison of the 1RES activities of RhPV 
with APV and SBV showed the RhPV 5’ 1RES element to be more efficient than both 
the APV and SBV 1RES elements in mediating internal initiation of protein synthesis.
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Chapter 1
Introduction
The process of translation of a eukaryotic mRNA molecule is divided into three 
stages, initiation, elongation and termination. The initiation stage is thought to be the 
major step in translational control, and it is the initiation phase of translation on 
which this thesis focuses.
1.1 Cap-dependent initiation of translation
1.1.1 Dissociation of the 80S ribosome
Translation initiation on most (99%) of cellular mRNAs is mediated by a cap- 
dependent mechanism. Before any of the subsequent steps in the initiation of 
translation can occur, the 80S ribosomes must dissociate into the 40S and 60S 
subunits. This is thought to be aided by the initiation factors eIF3 and eBFlA most 
probably by binding the 40S ribosomal subunit and preventing it from associating 
with the 60S subunit (Figure 1.1; Pain, 1996, Hershey and Merrick, 2000).
Met-tRNAf
elF2-GTP 
 ►
elFlA elFlA
Met-tRNAf.eIF2.GTP 
(ternary complex)
► 43S
eIF3
elFlA eIF2 GDP
43 S preinitiation complex
mRNA
eIF3
elFlA
m^GTP
^ ^ ^ e I F 2
 //A n
elF4E
eIF4G
eIF4A
elF4B
GTP
eIF2B
43S.mRNA complex 
(48S preinitiation complex)
60S
subunit
m^GTP
-------►
eIF3eIF5 /  w^
1r
^  eIF2.GTP
//An 80S initiation complex
Figure 1.1 Mechanism of cap-dependent initiation of mRNA translation.
The 80S ribosome dissociates, enabling the 40S subunit to bind elFlA, eIF3 and Met- 
tRNA to form the 43 S preinitiation complex. The 43 S preinitiation complex binds mRNA 
at the 5’ cap structure (which involves the initiation factors eIF4E, eIF4G, eIF4A and 
eIF4B) and scans along the RNA until it reaches the initiating AUG codon. At the initiating 
codon, the GTP molecule from the eIF2 complex is hydrolysed to GDP, releasing the 
initiation factors and enabling the 43S complex to associate with the 60S ribosomal 
subunit. This produces a frmctional 80S ribosome positioned at the initiation codon, which 
is able to translate the mRNA open reading frame. Adapted from Pain (1996).
1.1.2 Formation of the 43S preinitiation complex
The next stage is the binding of the initiator tRNA (Met-tRNAi) to the 40S ribosomal 
subunit. This involves the initiation factor eIF2, which recognises the initiator tRNA 
from the elongator tRNAs by its methionyl residue and the A-U base pair at the end 
of the acceptor stem. Along with GTP, eIF2 forms a ternary complex which is 
essential in the initiation process. The ternary complex binds the 40S ribosomal 
subunit to form the 43S preinitiation complex. This binding is stabilised by the 
initiation factors eIF3 and elFlA. Once formed, the 43S preinitiation complex binds 
the mRNA (Figure 1.1; Pain, 1996, Hershey and Merrick, 2000).
1.1.3 Binding of the 43S ribosomal subunit to mRNA
Binding of the 43S preinitiation complex to mRNA is dependent upon it recognising 
and associating with the cap structure (a 7-methylguanosine triphosphate moiety) 
attached to the 5’ end of the mRNA by a 5’-5’ phosphodiester bond. This is mediated 
by the eIF4F initiation factor complex. Once eIF4F binds to the cap structure the 
system is committed to translation of the mRNA. eIF4F is composed of the initiation 
factors eIF4A, eIF4E and eIF4G. eIF4E recognises and binds the m^G-cap structure, 
while eIF4G interacts with eIF3 in the 43S preinitiation complex. This brings the 
ribosome to the mRNA, with eIF4G acting as a bridge between eIF4E attached to the 
cap structure, and eIF3 attached to the 43S preinitiation complex. eIF4A unwinds 
any secondary structure in the RNA, aided by eIF4B (Buckley and Ehrenfeld, 1987; 
Pause et al., 1994; Pain, 1996; Gingras et al., 1999).
eIF3, eIF2 (complexed with GTP and Met-tRNAi) and the eIF4F complex are all 
required for the binding of ribosomes to the 5’ end of mRNA, whilst the presence of 
eIF4B has been shown to enhance this binding (Pestova et ah, 1998; Pestova et ah, 
2001).
1.1.4 Ribosome scanning along tbe untranslated region
Once the preinitiation complex has bound to the mRNA, the ribosome scans along 
the mRNA until it reaches the initiating codon; a process that requires ATP. The 
ribosome recognises the initiating AUG codon primarily through the interaction 
between the CAU of the Met-tRNAi bound to the 40S subunit and the AUG of the 
RNA (see below).
elFl helps to prevent the stalling of the 43S complex on the mRNA before it reaches 
the initiator AUG codon and so aids in the formation of 48S complexes (reviewed in 
Pestova et ah, 2001). There are a number of eukaryotic initiation factors involved in 
this process. These are discussed in greater detail in Section 1.2. The preinitiation 
complex scans the mRNA in a 5’ to 3’ direction until it reaches an initiation codon, 
usually an AUG codon in a suitable context. Once at the initiating AUG codon the 
60S ribosomal subunit attaches to the 43S preinitiation complex following the release 
of some initiation factors (eIF2.GDP, eIF3 and possibly more) resulting in a 
functional 80S ribosome positioned at the initiation codon, able to translate the 
mRNA open reading frame (ORF; Figure 1.1; Pain, 1996).
1.1.5 Recognition of the initiation codon
Within 90-95% of higher eukaryotes it is generally the first AUG codon proximal to 
the 5’ end presented in a favourable context that is used to initiate translation (Kozak, 
1989; 1991). Extensive studies have shown that the term ‘favourable context’ refers 
to bases in close proximity to the AUG codon. Where the A of the initiating AUG 
codon is position +1, a purine at position -3 (usually an ‘A’ residue), it has been 
shown to be the most highly conserved and important nucleotide in the consensus 
sequence of eukaryotes, including Drosophila and plants, as well as in some 
protozoa, although in these cases the rest of the consensus sequence differs (Kozak, 
1989; 1991). An example of a good consensus sequence is shown in Figure 1.2. 
Alterations in the rest of the consensus sequence only slightly affect initiation, 
providing there is a purine at position -3. However, in the absence of a purine at 
position -3, then a G nucleotide at position +4 is required for efficient translation. In 
the absence of a purine at position -3, or both a purine at position -3 and a G residue 
at position +4, the other nucleotides in the consensus sequence have a slight effect on 
the efficiency of translation (Kozak, 1991). As a general rule however, the 
nucleotides at positions -3 and +4 are considered adequate to judge whether or not 
an AUG codon will be efficient at initiating translation. The GCCACC of the 
consensus must be immediately next to the AUG codon to optimize its efficiency and 
moving it just one nucleotide away from the AUG abolishes any positive effect the 
consensus had on the efficiency of translation (Kozak, 1991).
The proximity of the initiating codon to the 5’ cap structure also affects the 
efficiency of translation (Kozak, 1991). In cellular mRNAs, a distance of 12 
nucleotides between the two resulted in very low efficiency of translation, regardless
A. +1 
GCC CCAUGG 
G
Figure 1.2 Example of a favourable context of the nucleotides surrounding the 
AUG codon.
Where the A residue of the AUG initiation codon is position +1, a favourable 
consensus sequence generally consists of a purine at position -3 (usually an ‘A’ 
residue), this has been shown to be the most highly conserved and important 
nucleotide in the consensus sequence of eukaryotes (Kozak, 1989; 1991). When there 
is a purine at position -3 alterations in the rest of the consensus sequence has only a 
slightly effect on translation. However in the absence a purine at position -3, a G 
nucleotide at position +4 is required for efScient translation. In the absence of either 
a purine at position -3, or in the absence of both a purine at position -3 and a G 
residue at position +4, the other nucleotides in the consensus sequence have a slight 
effect on the ef&ciency of translation (Kozak, 1991).
of how favourable the context of the AUG codon. Most ribosomes bypassed the first 
AUG in these cases and went on to initiate at the next AUG in a suitable context. 
Increasing the distance between the cap structure and the first AUG to 20 nucleotides 
reduced the frequency with which the first AUG was bypassed, as did the inclusion 
of a small amount of secondary structure. When the distance between the cap and the 
first AUG was increased to over 20 nucleotides the efficiency of translation in vitro 
greatly increased. In each case the leader sequence was designed so that no 
secondary structure would form and the actual sequence of the leader did not alter 
the efficiency of initiation of translation in itself (Kozak, 1991). The first AUG 
codon is generally 50-70 nucleotides away from the cap structure in cellulai' mRNAs, 
although there are examples in yeast where this distance is shorter and even where 
the AUG is immediately after the cap structure (Ellis et al., 1987; Hershey and 
Merrick, 2000). The positive effect of the inclusion of a small amount of secondary 
structure between the cap and the first AUG codon, positioned about 14 nucleotides 
3’ of the base of a hairpin is well documented. It is thought to act by slowing down 
scanning of the ribosome, giving it more time to recognise the AUG codon (Kozak,
1991).
Exactly how the AUG is recognised is unknown, although it has been discovered that 
mutations in genes encoding elFlA, eIF5 and eIF2 in yeast all affect this process 
(Donahue, 2000). eIF5 is known to promote the hydrolysis of the GTP molecule 
bound to eIF2, which can have an affect on the fidelity of the site used to initiate 
translation. In cases where GTP hydrolysis occurs more rapidly, codons that would 
normally be bypassed can become the point of initiation of translation. However, in 
the absence of initiation factors elFl and elFlA, 43 S preinitiation complexes form 
near the cap structure but are unable to scan the mRNA.
1.1.6 Formation of a functional ribosome
Once the preinitiation complex is positioned at the initiating codon, the initiation 
factors that are bound to the 40S ribosomal subunit dissociate. The 60S ribosomal 
subunit joins with the 40S subunit to generate a functional 80S ribosome positioned 
at the initiation site. For this to occur, the eIF5-induced hydrolysis of GTP bound to 
eIF2 is required, along with GTP, although GTP is not believed to be required for 
80S ribosome formation but for the subsequent dissociation of eIF5B from the 
ribosome (Pestova et al., 2000; Hershey and Merrick, 2000; Pestova et al., 2001). 
This functional 80S ribosome is then able to go on to translate the mRNA.
1.1.7 Effect of poly(A) tail on cap-dependent translation initiation
The presence of a poly(A) tail (generally 50 to 100 residues in length) has been 
shown to have a stimulatory effect on the initiation of capped mRNA translation 
(Gallie, 1991; Sachs, 1997). The cap-binding protein eIF4E and poly(A)-binding 
protein (PABP) are believed to position the 5’ cap structure and the poly(A) tail so 
that they are able to act together to direct initiation of translation, although the exact 
mechanism of interaction is unknown (Deshpande et al., 1979; Galili et al., 1988; 
Pain, 1996; Tarun and Sachs, 1996; Le and Maizel., 1997; Imataka et al., 1998; 
Michel et al., 2001). eIF4E and PABP are brought together by eIF4G (Tarun and 
Sachs, 1996); it is thought that PABP interacts with eIF4G using its first and second 
RNA recognition motifs (RRMs; Kessler and Sachs, 1998). As a result of the 
interaction between the mRNA 5’ cap structure, eIF4E, eIF4G, PABP and the 
poly(A) tail, the mRNA is believed to circularise (reviewed in Jacobson, 1996).
/ «
These events have all been shown to occur, and result in the stimulation of cap- 
dependent translation initiation. It has been shown that circularisation can stabilise 
mRNA, however why circularisation of the mRNA stimulates translation initiation in 
this case is unknown.
1.2 Summary of initiation factors and their functions
1.2.1 elFl
elFl is the smallest initiation factor (12.7 kDa in humans). It is believed to associate 
with eIF3. Its exact function is not known, however it has been observed to slightly 
increase the binding of the ribosome to the initiation codon. This is stimulated by 
addition of elFl A (Hershey and Menick, 2000).
1.2.2 elFlA
elFlA is a very highly conserved initiation factor, found in bacteria, yeast and 
mammals. It ranges in size from 17 to 22 kDa, and binds either mRNA or rRNA in a 
non-sequence specific manner. During the process of initiation of translation, 
mammalian elFlA not only plays a part in the dissociation of 80S ribosomes, but is 
also involved in the binding of the 40S subunit to Met-tRNAi and in mRNA binding 
and scanning (Merrick and Hershey, 1996).
1.2.3 eIF2
eIF2 is a highly conserved initiation factor, found in animals, plants and eukaryotic 
microorganisms. It is composed of three subunits a, p and y (in mammals the sizes of 
these subunits are 36.2 kDa, 39 kDa and 51.8 kDa respectively). It binds both GTP 
and Met-tRNAi to form the ternary complex. eIF2 has been shown to interact with 
eIF2B and eIF5 (Hershey and Merrick, 2000).
1.2.4 eIF2B
eIF2B is composed of five subunits (a to s), which in mammals range in size from 
33.7 to 80.2 kDa. It binds to GTP, ATP and NADPH. It also binds eIF2 and mediates 
the catalysis and regulation of the GDP-GTP exchange on eIF2, which converts it 
from its inactive to active form (Hinnebusch, 2000).
1.2.5 eIF3
eIF3 is the largest initiation factor (mammalian eIF3 is around 600 IcDa). The plant 
and mammalian forms are similar and, although a related factor has been found in 
yeast, it is smaller. Mammalian eIF3 is composed of at least eleven subunits, four of 
which bind RNA. It is involved in the dissociation of the 80S ribosome as well as in 
the binding of Met-tRNAi and mRNA to the 40S ribosomal subunit. It is also able to 
interact with other initiation factors such as elFl, eIF5, eIF4B and eIF4G, most likely 
in the capacity of forming complexes on the 40S ribosomal surface (Hershey and 
Merrick, 2000).
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1.2.6 eIF4E
eIF4E (25.1 kDa mammalian protein) is conserved in both yeast and humans and is 
present in more than one form (two forms in humans have been found so far, 
although the significance of this is so far unknown; Rom et al., 1998). eIF4E binds 
the m^G-cap structure alone, although its affinity for capped mRNA is increased 
when in complex with eIF4G (Haghighat and Sonenberg, 1997; Hershey and 
Merrick, 2000).
1.2.7 eIF4G
eIF4G is found in two isoforms in mammalian systems, termed eIF4GI and eIF4GII 
(171.6 IcDa and 176.5 kDa in mammals; Yan et al., 1992; Gradi et al., 1998 a; 
Imataka et al., 1998); two forms have also been detected in yeast cells and in plants 
(Goyer et al., 1993; Browning 1996). eIF4GII is a functional homologue of the 
original eIF4G (now termed eIF4GI). eIF4GII has been shown to interact directly 
with eIF4E, eIF4A and eIF3 (Gradi et al., 1998 a) and as with eIF4GI, is cleaved 
during picornavirus infection. eIF4GII has 46 % identity to eIF4GI at the amino acid 
level and an overall similarity of 56 % (Gradi et al., 1998 a). eIF4G acts as a 
scaffolding protein, bringing together different components of the initiation pathway. 
Human eIF4GI has three domains, the amino terminal end (residues 1-634) binds 
PABP along with eIF4E and is required for cap-dependent translation (Lamphear et 
al., 1995; Mader et al., 1995; Imataka et al., 1998). The central area (residues 635- 
1039) binds the initiation factors eIF3 and eIF4A and contains an RNA binding site 
(Pestova et al., 1996 a; Imataka and Sonenberg 1997). Finally the carboxy terminal
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end contains the second eIF4A binding site and the binding site for Mnkl protein 
kinase (Figure 1.3; Imataka and Sonenberg, 1997; Pyronnet et al., 1999).
The smallest region of eIF4G required for cap-dependent initiation of translation is 
between residues 550 and 1090 (Morino et al., 2000). This region contains the eIF4E 
binding site required to attach eIF4F to the cap structure, and the central domain. The 
carboxy terminal end is not absolutely required for cap-dependent initiation of 
translation.
1.2.8 eIF4A
eIF4A occurs in more than one isoform and appears to function both alone and as 
part of the eIF4F complex within mammalian and yeast systems (Pause et al., 1994). 
eIF4A binds ATP and it is the only ATPase so far identified in the initiation 
pathway, suggesting that eIF4A is the ‘power source’ behind the process. It is a 
helicase capable of unwinding RNA duplexes bidirectionally. Binding of ATP is 
thought to result in a conformational change in eIF4A, which induces ATP 
hydrolysis and more stable RNA binding (Hershey and Merrick, 2000).
1.2.9 eIF4B
eIF4B functions as a dimer. Human eIF4B is 69 kDa in size. It is a RNA binding 
protein, that stimulates the RNA helicase activity of eIF4A and the eIF4F complex as 
a whole. It also increases the binding of ribosomes to mRNA. eIF4B is not essential
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for the initiation of translation however, in its absence the process occurs but at a 
slower rate (Meyer et al. 1995; Hershey and Merrick, 2000).
1.2.10 eIF4H
eIF4H is an initiation factor with similarities to eIF4B. It is homologous to the amino 
terminal region of eIF4B, in particular the RNA recognition motif (RRM). Like 
eIF4B, it acts to stimulate the helicase activities of eIF4A and eIF4F, as well as 
exhibiting weak RNA binding capabilities (Hershey and Merrick, 2000).
1.2.11 eIF5
Mammalian eIF5 has a molecular mass of 48.9 kDa. Once there has been an 
interaction between the initiator codon of the mRNA and the anti-codon of the Met- 
tRNAi eIF5 binds eIF2. eIF5 then activates eIF2 GTPase activating protein (GAP) 
activity, but only when eIF2 is bound to the 40S ribosomal subunit. The GAP 
activity is believed to occur in response to the base paring between Met-tRNAi and 
its anti-codon (Huang et al. 1997). eIF5 is also thought to associate with eIF3 and it 
is believed to be part of a multi factor complex consisting of elFl, eIF3, eIF5 and 
eIF2/GTPMet-tRNAi. As mentioned above an increase in GAP activity of eIF2 
brought about by a mutation in eIF5 can lead to initiation of translation occurring at 
non AUG codons (Hershey and Merrick, 2000).
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1.2.12 elFSB
eIF5B is a 139 kDa protein in mammals that is able to bind GTP. It is a ribosome- 
dependent GTPase. Along with eIF5 it may be able to stimulate the GTPase activity 
of eIF2 (Hershey and Merrick, 2000).
1.3 Elongation of translation
During the elongation phase of translation, the ribosome translates the mRNA 
sequence and selects aminoacylated-tRNA (aa-tRNA) corresponding to the codons. 
Once the correct aa-tRNA has been selected, the ribosome joins the new aa-tRNA to 
the end of a growing peptide by catalysing the formation of a peptide bond between 
the two. In this manner one amino acid at a time is added to a growing peptide 
according to the sequence of codons in the mRNA (Merrick and Nyborg, 2000).
The elongation phase is catalysed by elongation factors. In eukaryotes, eEFlA, 
eEFlB, eEF2 and eEF3 are all required (Merrick and Nyborg, 2000).
1.4 Termination of translation
In most systems there are 64 possible nucleotide triplets, of these only 61 encode 
amino acids. The remaining 3 (UAA, UAG and UGA) are non-coding (or nonsense). 
When a non-coding triplet enters the ribosomal A site, the ribosome signals the 
polypeptide chain release factors to bind and recognise the termination signal. The 
nascent polypeptide chain is released following the hydrolysis of the ester bond
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between the nascent polypeptide chain and the 3’ nucleotide of the tRNA in the P site 
(Welch et ah, 2000).
In eukaryotes, the steps following polypeptide chain release are not known. 
However, it is possible that they are similar to those seen in E.coli, which have been 
well studied. In E.coli, the 50S ribosomal subunit dissociates from the mRNA/30S 
subunit/tRNA complex, enabling it to become involved in further rounds of 
translation. The 30S ribosomal subunit must first have the deacylated tRNA removed 
from its P site, which is accomplished by the action of initiation factor 3 (IF3). Once 
this has been done, the 30S subunit (still bound to the mRNA) can either dissociate 
from the mRNA, or scan along the mRNA and initiate at a new initiation site close 
by (Welch et al., 2000).
Within both eukaryotes and prokaryotes there are two types of release factors 
involved in the termination process, class 1 and class 2 release factors. Class 1 
release factors recognize stop codons and help induce the hydrolysis of the ester 
bond linking the polypeptide chain with the P site tRNA. Class 2 release factors are 
GTPases that stimulate the class 1 release factors (Welch et al., 2000).
1,5 Alternative methods of translation initiation
Although cap-dependent translation of protein synthesis is the mechanism of 
translation on most eukaryotic mRNAs there are exceptions, which will be discussed 
in the following sections. Most of these exceptions have originally been observed in 
viruses. However, it is highly likely that viruses have merely acquired cellular 
processes in order to ensure their own survival.
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1.5.1. Internai ribosome entry site (IRES)-mediated initiation of translation
Internal ribosome entry site (1RES) elements are RNA elements that direct internal 
ribosome entry and enable internal initiation of translation to occur on a mRNA. 
1RES elements are the subject of this thesis and shall be referred to in more detail 
later. In brief, the 40S ribosomal subunit attaches to the 5’ untranslated region (UTR) 
of mRNA with complex secondary structure. This region of mRNA, the 1RES, is 
internal (i.e. not found at the extreme 5’ end of the genome) and the attachment of 
the 40S ribosomal subunit to the 1RES is not dependent on the presence of a 5’ cap 
structure. The distance from the 3’ end of the 1RES to the initiating codon varies 
depending on the 1RES element. Therefore, depending on the position of the 1RES 
element, the ribosomal subunit either attaches at the 3’ end of the 1RES structure and 
scans along the mRNA until it reaches the initiating codon, or the ribosomal subunit 
attaches the initiating codon directly. Once the 40S ribosomal subunit reaches the 
initiating codon, the 60S ribosomal subunit attaches and translation begins.
1.5.2. Ribosome sbunting
Ribosome shunting is the term used to define a process in which the 40S ribosomal 
subunit ‘jumps’ across nucleotides of the 5’ UTR. The ribosomal subunits are 
thought to scan the mRNA from the 5’ end of the UTR as normal. However, the 
ribosome can ‘jump’ the rest of the UTR (which can be several hundred nucleotides 
long) to land either close to, or directly on, the initiation codon. It is believed that 
ribosomes are simultaneously scanning and shunting along mRNA at the same time. 
One of the elements that may be a factor in deciding the proportion of ribosomes
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engaged in scanning to those engaged in shunting is the concentration of initiation 
factors (Jackson, 2000). For example with adenovirus, a reduction in eIF4F activity 
(either late in adenovirus infection or during heat shock conditions) leads to an 
increase in the proportion of ribosomes shunting as opposed to scanning to 80-100 % 
(Yueh and Schneider, 1996).
Evidence for ribosome shunting has been found in cauliflower mosaic virus 35S 
mRNAs (Poogin et al., 1998; Hemmings-Mieszczak and Hohn, 1999; Ryabova and 
Hohn, 2000), Sendai virus P/C mRNA (Latorre et al., 1998) and late adenovirus 
RNA transcribed from the major late promoter (Yueh and Schneider, 1996).
1.5.3. Leaky scanning
Leaky scanning is thought to be the mechanism by which bifunctional mRNAs (such 
as SV40 late 19S mRNA) are able to synthesize two proteins that have been initiated 
separately (in the case of SV40 late 19S mRNA, the proteins VP2 and VP3; Sedman 
and Mertz, 1988). If the first AUG codon lies in an unfavourable context (for 
example a non-purine C or U nucleotide at position -3, or when there is a G 
nucleotide at position -3 but not at position +4) then leaky scanning allows some of 
the ribosomes to get as far as the second AUG codon and to initiate there (Kozak, 
1989).
1.5.4. Reinitiation
Reinitiation is the mechanism by which ribosomes that have already translated an 
upstream cistron of a mRNA reinitiate at another downstream initiation codon on the
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same mRNA molecule. The same constraints on context of the second AUG codon 
apply as they do to the first AUG codon. In prokaryotes, where reinitiation is 
relatively connnon, it is generally observed that the efficiency of reinitiation 
improves as the distance from the first ORF increases, and is not limited to the first 
AUG codon in a suitable context encountered after ORFl. In eukaryotes, reinitiation 
is relatively rare and generally occurs where the 5’ proximal ORF is short. An 
example of this is seen with the yeast GCN4 mRNA (Jackson, 2000). GCN4 mRNA 
encodes a transcriptional activator of many amino acid biosynthetic genes. The 
translation of GCN4 mRNA is stimulated in yeast cells in response to amino acid 
starvation (reviewed in Hinnebusch, 2000). This is thought to be brought about in 
response to phosphorylation of eIF2a by the protein kinase GCN2. High levels of 
eIF2a phosphorylation result in the inhibition of general translation and cell growth. 
Therefore, the level of GCN2 induced eIF2a phosphorylation required to stimulate 
the translation of GCN4 mRNA, is lower than that required for general inhibition of 
mRNA translation (reviewed in Hinnebusch, 2000). The induction of GCN4 mRNA 
as a result of eIF2a phosphorylation is mediated by four short open reading frames 
(uORFs) in the leader of GCN4 mRNA. The first and forth uORFs are sufficient for 
almost wild-type translational control. It is currently thought that almost all of the 
ribosomes scanning from the 5’ cap translate uORFl and half of these go on to 
resume scanning as 40S subunits. Under conditions where there is no amino acid 
starvation, most of these ribosomes rebind the ternary complex and reinitiate at 
uORF4 after which they dissociate from the mRNA. Under conditions of amino acid 
starvation however, GCN2 induced phosphorylation of eIF2a inhibits eIF2B and 
reduces the amount of ternary complexes in the cell. As a result some of the
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the reinitiating ribosomes are able to bypass the uORF4 inhibitory sequence and 
instead reinitiate at the GCN4 start codon (reviewed in Hinnebusch, 2000).
1.5.5. Ribosomal frameshifting
Ribosomal frameshifting is the process in which the ribosome slips forwards or 
backwards 1 nucleotide. Ribosomal frameshifting can occur in both the +1 and -1 
directions although the two are thought to be structurally and mechanistically 
different. Ribosomal frameshifting in the -1 direction is used by many RNA viruses 
in the synthesis of a single fusion protein from two or more overlapping ORFs 
(Brierley, 1995; Deiman and Pleij, 1997). Although more common in viruses, -1 
frameshifting is not exclusively viral and it has been documented to occur in E.coli 
(Tsuchihashi and Brown, 1992; Chandler and Fayet, 1993). There are two 
components required for -1 frameshifting to occur. One is a ‘slippery’ sequence of 
nucleotides, XXXYYYZ. The second component is a downstream region of 
secondary structure, either in the form of a stem loop or a pseudoknot (reviewed in 
Brierley, 1995).
1.5.6. 7>fl«5-translation
rra«.y-translation is a mechanism by which stalled ribosomes are released from intact 
and damaged mRNA so enhancing translational efficiency by allowing upstream 
ribosomes to continue translation and by returning stalled ribosomes to the 
translational pool (reviewed in Withey and Friedman, 2002). Within bacteria, there 
are small RNAs called transfer-messenger RNA (tmRNA) that possess the activities
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of both tRNA and mRNA. The 5’ and 3’ ends of tmRNA fold to form a structure 
similar to the tRNA“^“ acceptor stem, which can be charged with alanine. During 
rmMj'-translation, tmRNA“*“ enters the ribosomal A site of a ribosome. The alanine is 
transferred to the nascent protein and the original mRNA template is released from 
the ribosome, making the tmRNA the new template for translation. The tmRNA^^  ^
binds to the first codon of the tmRNA, the resume codon.
Also required in this process are protein cofactors. SmpB (a 160 amino acid basic 
protein) has been shown to interact with the tRNA-like domain of tmRNA and is 
required in the interaction of tmRNA®*'' with the ribosome (Karzai et al., 1999). It 
also enhances the aminoacylation of tmRNA (Barends et al., 2000). Examples of 
rraw5’-translation can be seen in E.coli and B.subtilis (Ito et al., 2002; Shimizo and 
Ueda, 2002; Withey and Friedman, 2002).
1.6 Internal initiation on Picornavirus mRNA
1RES elements were first discovered in picornaviruses, and it is these 1RES elements 
that have been the most intensively studied. The mechanism by which picornaviruses 
initiate translation on their mRNA drew interest for a number of reasons. Most 
importantly the picornavirus mRNA is uncapped. The 5’ UTRs are also significantly 
longer than cellular mRNAs (610 to over 1200 nucleotides compared to around 100 
nucleotides) and contain more than one AUG codon which would disrupt normal 
ribosomal scanning. These facts, together with the observation that the UTRs are 
predicted to fold into complex secondary structure which would also prevent 
ribosomal scanning, all indicated that picornavirus mRNA was not translated by a 
cap-dependent mechanism. In addition, cleavage of eIF4G during picornavirus
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infection (Section 1.13) would also disrupt cap-dependent translation; however, 
translation of picornavirus mRNA remains unaffected (Stewart and Semler, 1997).
In 1988, the picornavirus 5’ UTR was shown to contain an 1RES element using 
experiments whereby the 5’ UTR was inserted between two cistrons of a bicistronic 
mRNA. The UTR was able to direct the translation of the downstream cistron in a 
manner independent of the translation of the upstream cistron (Jang et al., 1988, 
1989; Pelletier and Sonenberg, 1988). The theory behind bicistronic reporter 
plasmids is that the sequence containing the putative 1RES element is inserted 
between two reporter genes. Translation of the first cistron is cap-mediated, whilst 
any 1RES activity exhibited by the UTR inserted between the two cistrons would 
result in expression of the downstream cistron. Translation of the second cistron 
would be independent of the cap-dependent translation of the upstream cistron. In the 
absence of a sequence exhibiting 1RES activity, translation of the downstream cistron 
would be dependent upon re-initiation or read-through of the ribosome from the first 
open reading frame (ORE) and therefore very little translation would occur (Figure
1.4). This method was initially used to demonstrate 1RES activity in the 5’ UTRs of 
encephalomyocarditis virus (EMCV; Jang et al., 1988) and poliovirus (PV; Pelletier 
and Sonenberg, 1988). Since then this method has been adapted as the classical assay 
for 1RES activity. 1RES elements have now been demonstrated in members of every 
genus of the picornaviruses. Additional proof of 1RES function was demonstrated by 
Chen and Sarnow (1995), who inserted an 1RES element into a circular mRNA. 
Circular* RNA lacks any 5’ and 3’ ends and therefore is unable to be translated in a
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cap-dependent manner. However, following insertion of the 1RES element into the 
circular RNA, translation was able to occur, indicating that the 1RES recruited 
ribosomes without the need for a free 5’ end. Since those first experiments, our 
understanding of picornavirus 1RES elements has increased greatly.
1.7 Picornavirus 1RES structure
In terms of primary sequence conservation and also secondary structure 
conservation, picornavirus 1RES elements can be separated into three groups, two 
major and one minor. The two major groups contain the cardio- and aphthoviruses, 
and entero- and rhino viruses, whilst the third group contains hepatitis A virus 
(HAV).
1.7.1 Type I picornavirus 1RES elements
Type 1 1RES elements are exhibited by the enteroviruses and rhinoviruses (Figure
1.5). The 1RES of PV type 1 is located between nucleotides 130-600 (which contains 
domains II to V and part of domain VI; Ehrenfeld and Semler, 1995).
The initial binding of the ribosome to the RNA is around the AUG triplet about 25 
nucleotides downstream of the oligopyrimidine tract, although this AUG is not 
usually the site of translation initiation (Filipenko et al., 1992; Jackson et al., 1994; 
Jackson and Kaminski, 1995). This is believed to be due to the poor context of the 
AUG codon at this point. Instead, initiation occurs about 65 nucleotides and 185 
nucleotides downstream in rhino- and enteroviruses, respectively (Agol, 1991). The
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Figure 1.5 Secondary structure of entero-Zrhinovirus type 11RES elements.
Structure of the poliovirus 5’ UTR, domains I to VI of the poliovirus 5’ UTR are 
shown. The structure is based on the work of Filipenko et al. (1989a); Andino et al. 
(1990) and Po^y et al (1992). The region of the 5’ UTR containing the 1RES 
element (domains II to VI) is indicated, as are the pyrimidine-rich region and the 
AUG start codon at nucleotide 743. Kind gift fi'om Dr Graham Belsham, Institute for 
Animal Health, Firbright.
ribosome is believed to move from its entry site to the initiating AUG codon via a 
scanning mechanism (Jackson and Kaminski, 1995). With all entero-Zrhinoviruses 
(the exception being bovine enterovirus) the AUG thought to be the putative 
ribosome entry site is found at the base of a stem loop. However, deletion of the 3’ 
end of the stem loop has no adverse effect on virus infectivity suggesting that it is not 
a determinant of 1RES activity (Kuge and Nomoto, 1987; Borman and Jackson,
1992). Most likely, the stem loop at this position is unwound separately from the 
remainder of the 5’UTR to allow the ribosome to attach to its entry site (Belsham and 
Jackson, 2000).
Removal of stem loops III and IV of the PV 5’ UTR does not inhibit translation. 
However, it has been shown to result in a 30 % reduction in protein synthesis in vitro 
(Stewart and Semler, 1997). An insertion of three nucleotides in loop IV results in 
non-infectious RNA (Trono et al., 1988). Stem loops II and V have been shown to be 
required for initiation of translation (Nicholson et al., 19^1; lizuka et al., 1991; 
Borman and Jackson, 1992; Haller and Semler, 1992).
1.7.2 Type 2 picornavirus 1RES elements
Type 2 1RES elements are exhibited in cardio vimses and aphtho viruses as well as in 
Equine rhinitis B virus (ERBV), a newly classified Erbovirus and some 
parechoviruses (for example echovirus 22; Figure 1.6; Nateri et al., 2000; Hinton 
and Crabb, 2001). The 5’ UTRs of aphtho- and cardio viruses range from 710 to 1500 
nucleotides long, consisting of stem loops D to L and they contain many AUG 
triplets (Hellen and Wimmer, 1995). Stem loops H, I, J and K are essential for 1RES 
function, whilst stem loops D, E, F and G enhance function but are not essential
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Figure 1.6 Secondary structure of cardio/aphthovirus type 2 1RES elements.
Secondary structure of EMCV 5’ UTR, the region of the 5’ UTR containing the 
1RES element (domains H, I, J and K) is indicated. The structure is based on that of 
Filipenko et al, (1989b). Shown are the poly(C) and pyrimidine-rich regions as well 
as the AUG start codon.
(Evstafieva et al., 1990; Duke et al., 1992; Hellen and Wimmer, 1995). At the 5’ end 
of the vims genome in many aphtho-Zcardioviruses (excluding Theiler’s Murine 
Encephalomyelitis virus, [TMEV]), and prior to the 1RES element is a poly(C) tract, 
which varies in size from 60 to 420 nucleotides. Deletion or removal of the poly(C) 
tract does not affect 1RES efficiency. In the EMCV 1RES there are 500 nucleotides 
between the poly(C) tract and the initiating AUG codon, which is the 11^  ^ AUG, 
although some initiation does occur at the 12‘^  AUG codon, which is positioned 12 
nucleotides downstream of AUG 11. The preceding 10 AUG codons, including AUG
10 that is only 8 nucleotides upstream of AUG 11 are unable to initiate translation 
(Kaminski et al., 1990; Duke et al., 1992; Kaminski et al., 1994; Hellen and 
Wimmer, 1995). This suggests that the ribosome must land at or very near to AUG
11 and not land further upstream and scan, as AUG 10 is in a suitable context to act 
as an initiating codon and initiation from this site would be seen if the ribosome were 
to land at or upstream of it and scan to AUG 11 (Kaminski et al., 1990). The method 
by which some of the ribosomes reach AUG 12 and bypass AUG 11 is not known 
(Belsham and Jackson, 2000).
Although related to the EMCV 1RES, the FMDV 1RES differs slightly in that it 
possesses 2 functional initiation sites, the Lab site, which is about 22 nucleotides 
downstream of the oligopyrimidine tract (and analogous to EMCV AUG 11), and the 
Lb site which is 84 nucleotides downstream in the same reading frame (Sanger et al., 
1987; Belsham, 1992). Depending on the conditions, 20-33 % of ribosomes initiate at 
the Lab site. Possibly all ribosomes enter at the Lab site where some initiate, whilst the 
remainder scan the mRNA until the Lb site is reached where they in turn initiate. 
Upstream of the initiating AUG of the type 2 1RES is a 6-9 nucleotide pyrimidine 
rich tract.
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1.7.3 Type 3 picornavirus 1RES elements
HAV exhibits a type 3 1RES element (Figure 1.7). There is no sequence 
conservation between type 3 and type 1 and 2 1RES elements. However, when the 
structures are compared, the HAV type 3 1RES resembles type 2 more closely. The 
secondaiy structure is believed to form separate stem loops followed by a pyrimidine 
tract. It is possible that the stem loops are stabilised by the formation of pseudoknots 
(Brown et al., 1991; Shaffer et al., 1994; Walker et al., (1995). The HAV 1RES is 
less efficient at initiating translation than the 1RES elements of the other two 1RES 
types (Borman et al., 1995). It has been observed that the HAV 1RES requires intact 
eIF4G as well as eIF4E in order to function (Borman et al., 1995; Borman and Kean, 
1997; Borman et al., 2001; Ali et al., 2001).
1.8 Conservation within picornavirus 1RES elements
1.8.1 The oligopyrimidine tract and spacer region
Picornavirus 1RES elements are found in the 5’ UTR of the genome. The actual 1RES 
elements are generally around 450 nucleotides long. The extreme 5’ end of the 
genome is not part of the 1RES and is believed to contain RNA replication signals. 
This region does however, have an effect on translation and it has been shown that 
mutations can reduce translational efficiency by up to 5 fold (Simoes and Sarnow, 
1991). Unlike hepatitis C virus (HCV; see later), there is no requirement for virus 
coding sequence to optimise 1RES efficiency. Between the three groups there is only 
one feature found in common and that is a roughly 25 nucleotide section at the 3’ end
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Figure 1.7 Secondary structure of type 3 1RES elements
Secondary structure of hepatitis A virus 1RES element, domains I to III of the wild 
type HM175 5’ UTR. Taken from Shaffer et al., 1994. The pyrimidine rich region is 
indicated by a shaded bar. Large dots and arrow heads represent primer extension 
stops and cleavage sites used in the reference.
of the 1RES composed of an oligopyrimidine tract around 10 nucleotides long 
followed by a G poor section and finally by an AUG codon. The spacer sequence 
between the pyrimidine rich tract and the initiating AUG codon is generally 15-20 
nucleotides long. The length of this spacer has been shown to affect the choice of 
AUG codon used to initiate protein synthesis (Filipenko et al., 1992, Gmyl, 1993; 
Kaminski et al., 1994). It has been noted that any AUG codon within this spacer 
region does not act as an initiator of translation, regardless of how favourable its 
context (Ugarova, 1987), Experiments with the spacer and coding sequence have 
shown that in the absence of the 1RES element, these AUG codons are able to act as 
initiators for protein synthesis (Kaminski et al., 1990; Kaminski et al., 1994; Hellen 
and Wimmer, 1995; Jackson and Kaminski, 1995). Experiments looking at the length 
of the spacer sequence indicate that there is a minimum number of nucleotides 
required and removing nucleotides from the spacer sequence can alter the AUG 
codon used to initiate translation (Kaminski et al., 1994; Hellen and Wimmer, 1995). 
Substitution of the pyrimidine tract in wildtype virus reduces the efficiency of the 
initiation of translation by 30-35 % (Kaminski et al., 1994).
1.8.2 GNRA tetraloop and C-rich bulge
The main 1RES groups also contain a GNRA (where G is guanine, N is any 
nucleotide, R is a purine and A is adenine) tetraloop in stem loop A and a C-rich 
bulge in stem loop B (both in domain I in cardio-/aphthoviruses and domain IV in 
entero-Zrhinoviruses). Mutation of the GNRA tetraloop of the FMDV and EMCV 
1RES elements has shown that although highly conserved, the G residue is not 
critical for EMCV 1RES activity, whilst the A residue is (Lopez de Quinto and
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Martinez-Salas, 1997; Robertson et al., 1999). In FMDV, mutation of the G residue 
(nucleotide 178) to an A residue of the GNRA tetraloop of stem loop I, resulted in a 
10-fold reduction of 1RES activity, whilst mutation of the tetraloop from GUAA to 
GCGA had no negative effect on 1RES activity (Martinez-Salas et al., in press). A 
similar situation was observed for the EMCV 1RES, although in this case mutation of 
the G residue to an A residue had less of a negative effect than that seen for the 
FMDV 1RES (Robertson et al., 1999). The GNRA tetraloop is a motif that is 
conserved within many highly structured RNAs and it is thought to be involved in 
long range tertiary interactions (Section 1.11; Martinez-Salas et al., in press). If this 
should be the case then it would not be surprising that mutations within this motif 
affect 1RES activity. Another region in both the EMCV and FMDV 1RES elements 
found to be important to 1RES activity, is at the base of domain IV in two adenine- 
rich internal bulges located around nucleotides 312 and 409. These are believed to be 
involved in binding of the 1RES elements to eIF4G (Lopez de Quinto and Martinez- 
Salas, 2000; Kolupaeva et al., 1998; Martinez-Salas et al., in press). This area is 
highly conserved between the two viruses, and mutation of the A residues at 312 and 
409 in FMDV had a large inhibitory effect on 1RES activity, greater in fact than 
mutation of the GNRA tetraloop (Martinez-Salas et al., in press).
Both the GNRA tetraloop and the C-rich bulge are thought to be involved in long- 
range tertiary interactions (Belsham and Sonenberg, 1996). Within the groups it is 
generally conservation of secondary structure that is seen as opposed to conservation 
of primary sequence. Any primary sequence that is essential for 1RES activity is 
likely to be conserved between 1RES elements. Analysis of conserved sequences has 
indicated these to be short sequences, generally in unpaired regions of the 1RES 
(Jackson and Kaminski, 1995; Witwer et al., 2001).
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1.9 Effect of secondary structure on 1RES function
The function and efficiency of the 1RES element has been linked to its secondary 
structure which governs its recognition by ribosomes, so enabling their entry onto the 
mRNA. These effects on 1RES function can be seen in the virus as a whole. One 
example of this is in PV, where it is thought that domains V and VI are essential for 
the 1RES to function in the central nervous system. Interestingly, although deletion 
of these domains affects PV neurovirulence, it does not affect the viability of the 
virus in HeLa cells (Gromeier et al., 1999).
Small deletions and insertions within 1RES elements have been shown to have 
extreme effects on the efficiency of 1RES function (Dildine and Semler, 1989; Kuhn 
and Beck, 1990; lizuka et al., 1991; Laporte et al., 2000). In the non-picornavirus 
HCV, mutation of one nucleotide (nucleotide 266) in stem loop Bid from a G residue 
to an A residue, resulted in a drop in 1RES efficiency to around 3 % that of the 
wildtype in the in vitro rabbit reticulocyte lysate (RRL) coupled transcription- 
translation (TNT) system (Laporte et al., 2000).
1.10 Effect of poly(A) tail on 1RES-mediated translation initiation
Experiments on the effect of the poly(A) tail on cap-independent translation (carried 
out in a poly(A) dependent non-nucleased cell free translation system derived from 
HeLa cells; Bergamini et al., 2000 and in a poly(A)-dependent rabbit reticulocyte 
lysate (RRL) translation system; Michel et al., 2000) have shown that as with cap- 
dependent translation, the presence of the poly(A) tail enhances translation from PV, 
HAV and EMCV 1RES elements (therefore, all three 1RES types) although the effect
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of the poly(A) tail on EMCV 1RES activity was less pronounced (about 3 fold) in 
comparison to the PV 1RES (over 10 fold stimulation; Bergamini et aL, 2000; Michel 
et al., 2001). From these observations it is possible to suggest that the stimulatory 
effect of the poly(A) tail on IRES-mediated translation initiation is a result of 
circularization of the mRNA through the interaction between 1RES, eIF4G, PABP 
and the poly(A) tail. However during picornavirus infection eIF4G is cleaved, 
separating the eIF4E and PABP sites in the N-terminal section from the C-terminal 
section believed to be used in the IRES-mediated initiation of translation. Therefore, 
it is probable that in the case of PV, stimulation of IRES-mediated translation by the 
poly (A) tail only occurs during the initial rounds of translation, and is abolished 
following picornavirus induced cleavage of eIF4G. For the picornaviruses HAV and 
EMCV, eIF4G is not cleaved during the infection cycle, therefore it is possible that 
for these viruses circularization of the mRNA continues throughout the infection 
(Michel et al., 2001).
1.11 Long range RNA-RNA interactions within the 1RES element
Long range tertiary interactions are required for the correct folding and function of 
large, biologically active RNA molecules (Nowakowski and Tinoco, 1997; Conn and 
Draper, 1998). Therefore, it should come as no surprise that long range interactions 
occur in 1RES elements. However, it is only recently that such interactions have been 
demonstrated, in separate domains of the FMDV 1RES element in vitro, under 
similar conditions to those seen in infected cells (Ramos and Martinez-Salas, 1999). 
Work undertaken by Belsham and colleagues (Drew and Belsham, 1994; Roberts and 
Belsham, 1997), has shown that defective FMDV and EMCV 1RES elements can be
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restored to around 80 % 1RES activity of the wild-type FMDV 1RES when 
coexpressed with a wild-type 1RES. This rran^'-complementation also supports the 
existence of long range tertiary interactions.
1.11.1 Long range RNA-RNA interactions within the FMDV 1RES element
The FMDV 1RES element was separated into different domains and transcripts for 
the different domains produced. Pairs of RNAs comprising one ^^P-labelled 
transcript and one unlabelled transcript were incubated together and a gel mobility- 
shift assay performed (Ramos and Martinez-Salas, 1999). Domains 1 to 5 correspond 
to stem loops G, H, I, J-K and L respectively (Figure 1.8; Ramos and Martinez- 
Salas, 1999). Interactions have been shown to occur between all of the domains and 
the intact 1RES element and also stem loop I (domain 3) to varying degrees. The 
strongest interactions were seen between stem loops I and J, K, L (domains 3 and 4- 
5) and stem loops I and G, H (domains 3 and 1-2). The stability of the interactions 
depended on Mg^ "*" ion concentration, temperature and RNA concentration. Stem 
loops G and H did not interact with stem loops J-K and L (domains 1-2 and 4-5). 
Because stem loop I (domain 3) is able to interact with all of the other stem loops, as 
well as with itself, it is believed to be very important in long range RNA-RNA 
interactions, possibly acting as a scaffold structure to which the other domains bind 
(Ramos and Martinez-Salas, 1999). The work on RNA-RNA interactions by Ramos 
and Martinez-Salas (1999) is supported by previous research on trans- 
complementation of defective FMDV 1RES elements (Drew and Belsham, 1994). 
The translational efficiency of 1RES elements, in which each of the domains of the
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Figure 1.8 Sequence and structure of FMDV 1RES element.
The sequence and secondary structure of FMDV 5’ UTR. Domains 1 to 5 
(corresponding to stem loops G, H, I, J-K and L respectively) are shown as are the 
nucleotide numbers. The structure is taken from Martinez-Salas et al., in press.
IRES elements had been deleted separately, was rescued by co-expression with a 
second wildtype 1RES element. The exception was the deletion of stem loop I 
(domains) which was not complementable, supporting the idea that it is possibly the 
most important region of the FMDV 1RES for long range RNA-RNA interactions 
(Drew and Belsham, 1994; Ramos and Martinez-Salas, 1999).
1.12 Initiation factor requirement for 1RES dependent translation initiation
The initiation factors required for 1RES-dependent initiation of translation depend on 
the specific 1RES element. The initiation factors required were generally identified 
by studying initiation complex formation on 1RES-containing mRNAs. This is done 
using toeprint analysis or sucrose gradients, to assay the interaction between 
initiation factors (purified or recombinant) and the 40S ribosomal subunits (Festova 
et al., 1996 a and b).
1.12.1 Requirement for eIF4F complex
In the case of the cardiovirus (EMCV) and the aphthovirus 1RES elements, initiation 
is ATP dependent. UV-crosslinking studies have shown that the eIF4F subunits, 
eIF4A and eIF4G, bind the RNA just upstream of the initiation codon where they 
encourage the binding of 43S preinitiation complexes containing eIF2 and eIF3 
(Pestova et al., 1996 a and b; Kolupaeva et al., 1998; Saleh et al., 2001). Only the 
central third of eIF4G, the region that binds eIF4A, is required (Pestova et al., 
1996a). The initiation factors elFl, elFlA and eIF4E are not needed and scanning 
does not occur. Although, in some of the other picornavirus 1RES elements, for
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example PV, the 3’ border of the 1RES is about 160 nucleotides from the initiation 
codon. Therefore, in this case, it is likely the ribosome attaches to the 1RES then 
scans (or shunts) downstream to the initiation codon (Hellen et aL, 1994). It should 
be noted however, that not all 1RES elements have the same requirements, and some 
EMCV-like 1RES elements do require additional noncanonical factors to alter the 
conformation of the 1RES to enhance the binding of eIF4A and eIF4G (for example 
polypyrimidine-tract-binding protein (PTB), see Section 1.16). Also interesting to 
note is that in the case of the EMCV 1RES it is thought that more of eIF4A is 
required than for cap-dependent translation. As eIF4A is thought to be involved in 
the scanning process this is surprising as very little if any scanning occurs on EMCV 
UTR mRNA (Pause et al., 1994).
With respect to cap-independent initiation of translation, UV-crosslinking has shown 
the amino-terminal end of eIF4GI is not required and the central domain of eIF4GI is 
sufficient for the translation of EMCV mRNA (Pestova et al., 1996 a). Research 
using toeprinting assays has shown that both the central domain of eIF4G and intact 
eIF4G bind to the EMCV 1RES specifically at the J-K domain (Pestova et al., 1996 a 
and b; Kolupaeva et al., 1998). The J-K domain is positioned slightly upstream from 
the initiation codon and is believed to deliver the ribosomal subunit to the initiation 
codon from this point, via eIF3 (Pestova et al., 1996 a and b; Kolupaeva et aL, 1998). 
eIF4A has also been shown to attach to the J-K domain (Pestova et aL, 1996b).
The similar FMDV 1RES is believed to undergo the same process and in support of 
this UV-crosslinking has shown that eIF4G interacts with stem loop J and to a lesser 
extent with stem loop K (Saleh et aL, 2001). Within stem loops J-K, there are three 
subdomains that have been shown to be involved in eIF4G binding. Two of these are 
essential for eIF4G binding (Saleh et aL, 2001).
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With regards to the entero-Zrhinoviruses, a similar process is again believed to occur, 
although as yet there is no evidence to support this. Although this would appear to be 
a clear and simple explanation of the mechanism behind IRES-mediated translation, 
it cannot be the whole story and domains H and I of the 1RES must also play a part, 
as in their absence 1RES activity is adversely affected (Pestova et al., 1996a).
1.12.2 Requirement for non-eIF4F initiation factors
In support of the above observations on eIF4G binding to EMCV and FMDV 1RES 
elements, it has been shown by UV-crosslinking that eIF4B attaches to the J-K 
domain of the EMCV 1RES (Pestova et al., 1996 b). In the case of the FMDV 1RES, 
eIF4B interacts directly with the 1RES at the J-domain (Meyer et aL, 1995; Ochs et 
aL, 1999; Rust et aL, 1999). elF4B has also been shown by UV-crosslinking to bind 
to the PV 1RES element at domain V and also, although to a lesser extent, at domain 
VI (Pestova et aL, 1996 b; Ochs et aL, 2002). In the case of the EMCV 1RES, eIF4B 
was found to enhance 48S complex formation (Pestova et aL, 1996 b). eIF4B, eIF4A 
and eIF4G are believed to bind the EMCV 1RES element synergistically, and it is 
possible eIF4G and eIF4B bind at an overlapping region in stem loop J. eIF4B is 
only able to bind the EMCV 1RES in the presence of ATP and only eIF4A possesses 
ATPase activity. Also, the binding of both eIF4A and eIF4B to the EMCV 1RES was 
increased when added together and in the presence of eIF4G (Pestova et aL, 1996 b). 
Finally, in support of the synergistic binding of the three factors, the absence of one 
of these three factors has been demonstrated to reduce the efficiency of 48S complex 
formation (Pestova et aL, 1996 a).
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It has also been observed that increasing the phosphorylation of the eBF2a subunit 
can increase cellular IRES-mediated translation (Fernandez et al., 2002; Gerlitz et al., 
2002). Increasing the phosphorylation of eIF2a had no effect on the cellular 1RES 
element of immunoglobulin heavy-chain binding protein (BiP) mRNA but it did 
stimulate the intergenic region (IGR) 1RES of Cricket paralysis vims (CrPV), as well 
as the platelet-derived growth factor (PDGF2), vascular endothelial growth factor 
(VEGF), c-myc and EMCV 1RES elements (Fernandez et al., 2002; Gerlitz et al., 
2002).
1.13 Cleavage of eIF4G and its effect on the initiation of translation
Cleavage of eIF4GI occurs quickly following enterovirus, aphthovirus and rhinovims 
infection. This cleavage is mediated by FMDV L and 3C, and entero-Zrhinovirus 2A 
proteases (see below; Devaney et al., 1988; Liebig et al., 1993; Medina et al., 1993; 
Belsham et al., 2000). It has not been established whether the 2A and L proteases 
cleave eIF4G directly or in an indirect manner. Studies have shown that although 
direct cleavage can occur (Lamphear et al., 1995; Haghighat et al., 1996; Bovee et 
al., 1998a), the cleavage of eIF4G can also be separated from the PV 2A protease 
(Lloyd et al., 1986; Bovee et al., 1998b). The 2A and L proteases are mechanistically 
very different although their function is very similar (Ziegler et al., 1995). It has been 
suggested that the virus 2A and L proteases may activate a cellular protease that 
cleaves eIF4G. This idea is supported in part by the very low levels of 2A and L that 
are required to cleave eIF4G in infected cells (Bovee et al., 1998b).
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Only when both forms of eIF4G (eIF4GI and eIF4GII) are cleaved is cap-dependent 
protein synthesis of the host cell blocked (Gradi et al., 1998b). Cleavage of eIF4G 
removes the cap recognition and binding ability of the eIF4F complex, so rendering 
the complex less effective in the initiation of translation of capped mRNAs, whilst 
allowing cap-independent initiation of translation on picornavirus mRNA to 
continue. Initially it was thought that removing the eIF4E domain would render the 
truncated eIF4F complex useless to cap-dependent initiation of translation. However, 
recently it has been reported that the truncated version of eIF4G, which lacks the 
eIF4E binding site is still able to support cap-dependent initiation of translation. 
Capped RNAs are unable to compete with vims 1RES-containing mRNAs and this 
may be the reason for host cell shut-off (Ali et al., 2001).
1.13.1 Picornavirus L, 2A and 3C protease cleavage sites in eIF4G
The FMDV L protease cleaves eIF4G between Gly-479 and Arg-480, while the PV 
2A protease cleaves eIF4G between Arg-486 and Gly-487 (Kirchweger et al., 1994; 
Lamphear et al., 1995; Figure 1.9). The FMDV 3C protease is thought to cleave 
eIF4G at a different site again, C-terminal of residue 642 (Belsham et al., 2000; 
Figure 1.9). The FMDV L protease is a papain-like thioi-protease while the PV 2A 
protease and the FMDV 3C protease are thiol-proteins, unrelated to papain (Roberts 
and Belsham, 1995; reviewed in Donnelly et al., 1997).
The FMDV 3C protease has been shown to cleave eIF4G C-terminal to residue 642 
both in vitro and in vivo (Belsham et aL, 2000). The cleavage products produced 
when both L and 3C proteases are present is very similar to that seen when the L
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Figure 1.9 Schematic summary of eIF4G cleavage by picornavirus 2A and L 
proteases.
Long white rectangles represent the 1042-amino acid rabbit eIF4G molecule or 
cleavage products (proportional in length to the molecular masses of the 
fragments). Precise cleavage sites are represented by lines through amino acid 
sequence while approximate cleavage sites are represented by lines through the 
rectangles. Taken from Lamphear et al., (1995).
protease is present by itself (Belsham et aL, 2000). It is thought that this is because 
by the time the 3C protease has reached a level at which it is able to cleave eIF4G, 
the L protease, which is able to cleave eIF4G at low levels, has already cleaved most 
of the available eIF4G (Belsham et al., 2000).
1.13.2 Translational activity of eIF4G cleavage products
The eIF4G cleavage products obtained from both the L and 2A proteases in HeLa 
cells are indistinguishable from one another when run on a gel (Kirchweger et al., 
1994). Cleavage of eIF4G by both L and 2A proteases produces two fragments in 
vivo, one N-terminal (cpn) and the other C-terminal (cpc). The N-terminal fragment 
of eIF4G binds eIF4E and is responsible for the interaction with capped mRNA. The 
C-terminal fragment is able to bind both eIF3 and eIF4A and therefore can attach 
mRNA to ribosomes, as well as exhibiting helicase activity. Consequently, it is the 
C-terminal fragment of eIF4G which is involved in increasing the efficiency of 
internal initiation of protein synthesis and the complete uncleaved form of eIF4G is 
not required for internal initiation to occur (Figure 1.10). Recently is has been shown 
that the C-terminal fragment of eIF4G is also able to support cap-dependent 
translation initiation (Ali et aL, 2001). Prolonged incubation in vitro resulted in 
additional cleavage of eIF4G by the L protease until it was completely degraded 
(Figure 1.9; Kirchweger et aL, 1994; Lamphear et aL, 1995). The effects of 
prolonged incubation of eIF4G with the 2A protease varies depending on the virus 
from which it originated. In the case of the coxsackievirus B4 (CVB4) 2A protease,
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no further cleavage of eIF4G was observed, whilst for human rhinovirus (HRV) 2A 
protease, the three forms of cpc cleavage products were converted into one form 
(Kirchweger et al., 1994). Why this should occur in vitro and not in vivo is not 
known for sure, although it may be that the proteases are not present in high enough 
concentrations in the cell.
Cleavage of eIF4G can stimulate 1RES-dependent translation (Anthony and Merrick, 
1991; Hambridge and Sarnow, 1992; Liebig et al., 1993; Ziegler et al., 1995; Pain,
1996). In fact, the FMDV L protease was shown to induce a 5- to 10-fold increase in 
entero-Zrhinovirus 1RES activity in vitro (Thomas et al., 1992; Pause et al., 1994; 
Anthony and Merrick, 1991; Ohlmann et al., 1995) and in vivo (Borman et al., 1997; 
Roberts et al., 1998). However, there is evidence to suggest that the 2A protease is 
able to stimulate 1RES activity in a mechanism separate to eIF4G cleavage 
(Hambridge and Sarnow, 1992; Roberts et al., 1998).
1.14 Effect of picornavirus infection on 4E-BPs
In the case of cardiovirus infection (e.g. EMCV) eIF4G is not cleaved, but shut-off of 
host cell protein synthesis still occurs. Host cell shut-off occurs due to the 
dephosphorylation of eIF4E-binding proteins (4E-BPs). The 4E-BPs are a family of 
proteins that bind to eIF4E. Once bound, they prevent eIF4E from binding with 
eIF4G so the eIF4F complex is unable to form. This results in the inhibition of 
translation of capped but not virus mRNA (Figure 1.11; Pause et al., 1994; Gingras 
et al., 1996; Belsham and Jackson, 2000). However, phosphorylation of 4E-BPs 
reduces their affinity for eIF4E, allowing eIF4E to once more bind eIF4G and eIF4F 
complex formation to occur. The phosphorylation state of 4E-BPs is controlled by a
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number of different factors. Hormones (e.g. insulin; Tee and Proud, 2002), growth 
factors (e.g. PDGF, EGR) and adenovims infection are a few examples of things 
which result in an increase of phosphorylation of 4E-BP, leading to a reduction in 
4E-BP interaction with eIF4E and an increase in the rate of cap-dependent translation 
(reviewed in Gingras et al., 1999). During picornavirus infection (Gingras et al.,
1996), osmotic shock (Parrott and Templeton, 1999) and heat shock (Vries et al.,
1997) a decrease in phosphorylation of 4E-BP leads to an increase in 4E-BP 
interaction with eIF4E and inhibition of cap-dependent initiation of translation 
(reviewed in Raught et al., 2000). As the 4E-BPs affect eIF4E they have no effect on 
cap-independent initiation of translation.
1.15 1RES elements of HCV and HAV, the exceptions to the rule
The HCV 1RES and the 1RES elements of the related pestiviruses (Section 1.17.1) 
are different again from the picornavirus 1RES elements. The HCV 1RES, and those 
like it, are able to bind 40S ribosomal subunits so that the ribosomal P site is next to 
the initiation codon in a specific and stable manner in the absence of initiation 
factors. Once bound, the addition of the ternary complex eIF2/GTP/Met-tRNAi 
‘locks’ the 43S subunit with the initiation codon (Pestova 1998 b). eIF3 is thought to 
be in the 48S complex and by itself is able to bind the HCV 1RES. It is required in 
the joining of the ribosomal subunits (Pestova 1998 b) although it is not necessary in 
the formation of 40S.mRNA/Met-tRNAi. There is no requirement for the initiation 
factors eIF4A, eIF4B, eIF4E or eIF4G and in fact these initiation factors do not 
appear to bind the HCV 1RES at all. ATP hydrolysis is also unnecessary.
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As a general rule, because IRES-mediated translation initiation is cap-independent, 
the cap binding factor eIF4E is not required. However, every general rule has an 
exception and in this case it is HAV, which requires eIF4E to function efficiently. 
HAV also requires intact eIF4G (Borman and Kean, 1997). Cleavage of eIF4G by 
virus pro teases, addition of 4E-BP, or addition of m^GpppG cap analogue all result in 
the inhibition of HAV 1RES activity (Borman et al., 1995, 1997; Borman and Kean, 
1997; Borman et al., 2001; Ali et al., 2001).
1.16 rmns-acting factors
In addition to the canonical initiation factors, variation in 1RES efficiencies within 
different cell types has implicated a need for further factors for efficient IRES- 
mediated translation (Borman et al., 1997; Roberts et al., 1998). These proteins may 
also possess a RNA chaperone function (Belsham and Sonenberg, 2000) although 
there is no direct evidence supporting this hypothesis. All of the protein factors found 
to stimulate 1RES activity so far contain multiple RNA-binding domains and/or are 
multimeric. This suggests they may be able to interact with more than one part of the 
1RES at once and therefore have the potential to act as RNA chaperones, shaping the 
1RES elements into their most active forms and stabilizing them.
It is well known that the cardio-/aphthovirus 1RES elements are able to function in a 
number of vertebrate and cell-free translation systems. However, the entero- 
/rhinovims 1RES elements and also the HAV 1RES element, are unable to function 
efficiently in some cell-free translation systems, such as the RRL system. This 
inability of the entero-Zrhinovirus 1RES elements to function efficiently in RRL can 
be rescued by the addition of HeLa cell cytoplasmic cell extracts (Brown and
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Ehrenfield, 1979; Dorner et al., 1984). The low efficiency of the HAV 1RES in RRLs 
can be counteracted by the addition of mouse liver cytoplasmic extract (Glass and 
Summers, 1993; Jackson and Kaminski, 1995). This suggests that both th^ HeLa 
extract and the liver extract contain factors, which are required by the respective 
1RES elements to function efficiently, are missing in RRL. Much work has gone into 
trying to identify the acting factors required, by UV-crosslinking or gel
retardation experiments (Borovjagin et al., 1991; Borman et al., 1993; Jackson and 
Kaminski, 1995; Jackson et al., 1995; Belsham and Sonenberg, 1996; Stewart and 
Semler, 1997). So far the cellular proteins shown to interact with picornavirus 1RES 
elements are La, polypyrimidine-tract-binding protein (PTB), poly(rC)-binding 
protein 2 (PCBP2), upstream of N-ras {unr) and 1RES trans~2icû\\% factor 45 
(1TAF45).
It should be noted that although the picornavirus 1RES elements are functional in a 
number of mammalian, avian and amphibian cells, they appear to be unable to 
support translation within a plant or insect system (Jackson et al., 1995; Hellen and 
Wimmer, 1995; Finkelstein et al., 1999). However, there is a report that the EMCV 
1RES is able to function within plant cells transformed using A. tumefaciens (in the 
form of a bicistronic construct; Urwin et al., 2000).
1.16.1 La auto antigen
La protein is localised mainly in the nucleus, and functions in the maturation of RNA 
polymerase III transcripts (Gottlieb and Steitz, 1989). La was the first cellular factor 
identified to interact with 1RES elements. It was discovered due to the fact that it 
binds the PV 1RES at the area incorporating the AUG start codon (AUG586). When
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added to rabbit reticulocyte lysates, La stimulated translation initiation on PV 
mRNA, apparently by increasing the number of ribosomes selecting the correct 
initiation site (Meerovitch et al., 1993; Svitkin et al., 1994). However, these effects 
were only seen when La was used at concentrations much higher than would be seen 
under normal circumstances. Therefore, the importance of La at physiological 
conditions is still in question. However, during PV infection the La dimer is cleaved 
by PV 3C protease to produce a truncated La protein (dl-La), which is found in the 
cytoplasm (and a C-terminal 50 amino acid sequence localised in the nucleus; 
Shiroki et al., 1999). This truncated La protein still possesses the ability to enhance 
PV IRES-mediated translation initiation (Shiroki et al., 1999). La also binds the HCV 
1RES and at low levels has been demonstrated to stimulate HCV IRES-mediated 
translation. This is possibly as a result of some kind of involvement in the attachment 
of the ribosome to the mRNA (Sizova and Shatsky, 2000). La has also been shown to 
bind Human T-cell leukaemia (HTLV-I) and HIV 1RES elements (Waysbort et al., 
2001). La has been reported to be unable to stimulate the activity of the EMCV 1RES 
element (Meerovitch et al., 1993; Svitkin et al., 1994; Ki Kim and Key Jang, 1999). 
However it has been shown that in vitro, in conditions where the activity of the 
EMCV 1RES is suppressed by excess PTB, addition of La (albeit in large quantities) 
lessens the inhibitory effect of PTB (Ki Kim and Key Jang, 1999). This could be due 
to the additional La protein enabling La to successfully compete with PTB for RNA 
binding or, by preventing abnormal binding of PTB to the RNA (Ki Kim and Key 
Jang, 1999).
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1.16.2 Polypyrimidine-tract-binding protein
Polypyrimidine-tract-binding protein (PTB; also known as heteronuclear 
ribonucleoprotein; hnRNP) regulates the selection of splice sites (Varcarcel and 
Gebauer, 1997). Information on the role played by PTB in 1RES-directed translation 
was discovered in conduction with unr (Section 1.16.4). An in vitro translation assay 
was used to obtain and purify factors from HeLa cell extracts, which were required 
for rhinovirus 1RES activity in a RRL system (Hunt and Jackson, 1999; Hunt, 1999). 
Two such factors were isolated which, when tested, were able to stimulate 1RES 
activity alone and when in combination. The factors were identified as being PTB 
and unr.
PTB is mainly found in the nucleus of cells, however it can also be found in 
significant levels in the cytoplasm (Ghetti et al., 1992). The 1RES elements of PV, 
EMCV and FMDV have all been shown to contain multiple binding sites for PTB, 
which appeal' to be a U-rich loop of a stem loop (Borovjagin et al., 1991).
Using PTB-depleted lysates, addition of recombinant PTB to the depleted lysates 
restored the efficiency of translation to its original level (Niepmann, 1996; Niepmann 
et al., 1997). It has been demonstrated that PTB is actually part of the 48S and 80S 
ribosomal initiation complexes that are formed on the FMDV 1RES RNA (Niepmann 
et al., 1997). PTB binds to the FMDV 1RES element and it is the PTB-1RES complex 
that is then encountered by the ribosomal subunits (Niepmann et al., 1997).
Work in vivo in BS-C-1 and Huh 7 cell lines has shown PTB is able to stimulate PV, 
HAV and HCV 1RES activity (Chang et al., 1993; Gosert et al., 2000). However, in 
comparison to PV and HAV, there was only a slight effect on HCV 1RES activity 
and its presence is not believed to be absolutely required (Gosert et al., 2000). A
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related pestivirus, bovine diarrhea virus (BVDV) has been shown to be able to bind 
PTB weakly, but experiments using depleted lysates to which recombinant PTB was 
added showed PTB to have no stimulatory effect on BVDV 1RES activity 
(Sanderbrand et al., 2000). In addition, reports on the effect of PTB on the activity of 
the EMCV 1RES range from it having a slightly positive effect on the activity of the 
EMCV 1RES (Hunt and Jackson, 1999; Hunt, 1999), to it being required for efficient 
1RES activity (Ki Kim and Key Jang, 1999). It has been shown however that an 
excess of PTB suppresses EMCV 1RES activity (Ki Kim and Key Jang, 1999). As 
mentioned above, this supression is reversed by the addition of La protein (Ki Kim 
and Key Jang, 1999). PTB does not bind to lentivirus HIVl, 2 or SIV, it does 
however bind very weakly to the HTLV-I 1RES element (Waysbort et al., 2001). The 
effect of PTB on rhinovirus 1RES activity when in conjunction with unr (see below), 
was found to be additive (Hunt and Jackson, 1999; Hunt, 1999). PTB is not found in 
cells of the central nervous system and instead there is a neuronal homologue termed 
nPTB with over 70 % similarity to PTB (Kikuchi et al., 2000; Polydorides et al., 
2000; Lillevali et al., 2001). Work on a neurovirulent strain of Theiler’s murine 
encephalomyelitis virus GDVII has shown that both PTB and nPTB bind the same 
area and that both would appear to function in the same way (Pilipenko et al., 2001). 
PTB contains four RRMs in its monomeric form and is believed to exist as a dimer in 
solution. Therefore, it has the potential to interact with 1RES elements at multiple 
locations and so stabilise 1RES structure (Kolupaeva et al., 1996; Perez et al., 1997; 
Belsham and Jackson, 2000). Research using truncated forms of PTB (C-terminal 
half of the monomer, including two RRMs) has indicated that all four RRMs are 
required for PTB to stimulate 1RES activity (in this case EMCV 1RES activity; 
Kaminski et al., 1995). This adds further support to the idea that PTB must interact
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with the 1RES at multiple locations in order to exert a stimulatory effect on 1RES 
activity (Kaminski et al., 1995).
1.16.3 Poly(rC) binding protein 2
Poly(rC) binding protein 2 (PCBP2) is able to bind the 5’ UTRs of cardio- and 
aphthoviruses, as well as that of PV. In the case of PV, PCBP2 binds nucleotides 
230-430 (Gamarnik and Andino, 2000) and depletion studies have indicated that 
PCBP2-depleted lysates are not able to support PV 1RES activity but addition of 
PCBP2 is able to restore 1RES activity. It was thought possible that the same effect 
would be seen with PCBPl, which is a protein produced from an alternatively 
spliced mRNA and which is closely related to PCBP2. However, the addition of 
recombinant PCBPl was unable to restore PV 1RES activity in depleted HeLa cell 
extracts (Blyn et al., 1997). Depletion of PCBP2 from HeLa cell extracts also has a 
negative effect on HCV 1RES activity (Hunt and Jackson 1999). PCBP has also been 
shown to be required for HAV 1RES activity (Graff et al., 1998).
Studies with the cardio-/aphthoviruses indicate that although PCBP2 is able to bind 
the 1RES elements, it has no appreciable affect on their activity (Walter et al., 1999).
1.16.4 Upstream of N-ras
Upstream of N-ras {unr) is a 97 IcDa cytoplasmic single stranded RNA-binding 
protein, mainly found in the cytoplasm, unr is expressed in most mammalian tissues 
(Boussadia et al., 1993; Jacquemin-Sablon et al., 1994). A complex containing unr, 
along with another protein p38 (unrip; w/rr-interacting protein; Hunt et al., 1999) has
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been shown to stimulate rhinovirus 1RES function in a RRL system, although it has 
little effect on the PV 1RES (Hunt et al., 1999). The small effect on PV 1RES activity 
brought about by PTB and unr suggests that there is another cellular protein required 
for optimum PV activity. However this protein so far remains unidentified (Belsham 
and Jackson, 2000).
1.16.51RES specific //-«ws-acting factor 45
1RES specific trans-ocXmg factor 45 (ITAF45) is also known as murine proliferation- 
associated protein (Mppl). ITAF45 is a proliferation-dependent protein found in the 
cytoplasm of cells. ITAF45 expression is upregulated in response to mitogen 
stimulation and is undetectable in nonproliferating differentiated cells (Radomski and 
Jost, 1995; Lamartine et al., 1997). ITAF45 was discovered by looking at the factor 
requirements for translation initiation on TMEV and FMDV 1RES elements. This 
was done using purified fractions of RRL at the stage of 48S ribosome complex 
formation and confirmed using UV-crosslinking and toeprinting analysis to look at 
the interaction between ITAF45 and the FMDV 1RES element (Pilipenko et al.,
2000). Research showed that ITAF45, in combination with PTB, is required for 
FMDV 1RES activity. 1TAF45 and PTB bind specifically to non-overlapping sites on 
the FMDV 1RES element and induce localised structural changes (both separately 
and in conjunction; Pilipenko et al., 2000). In the absence of PTB, ITAF45 with 
minimum initiation factors (eIF2, eIF3, eIF4A, eIF4B and eIF4F) is not able to 
support the formation of the 48S ribosomal complex on the FMDV 1RES (Pilipenko 
et al., 2000). ITAF45 does not affect the activity of the EMCV 1RES element and it 
only appears to be required by the FMDV 1RES (Pilipenko et al., 2000).
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1.17 IRES elements from other virus families
1.17,1 Flaviviruses
Members of this family of viruses that have been shown to contain 1RES elements in 
their genomes include Hepatitis C virus (HCV), pestiviruses and GB virus (Reynolds 
et al., 1995; Rijnbrand et al., 2000). All of these viruses encode a single polyprotein 
which is cleaved to generate the virus proteins. The 5’ UTR of HCV, pestivirus and 
GB virus-B (GBV-B) range from 341 to 445 nucleotides and share many short 
regions of sequence similarity (Han et al., 1991; Muerhoff et al., 1995; Rijnbrand and 
Lemon, 2000). The HCV 5’ UTR is 341 nucleotides long; deletion analysis has 
shown that the HCV 1RES element extends from around nucleotide 40 to 370 and 
may include a short region of virus coding sequence which could be required to 
optimise 1RES efficiency. Deletion mutants lacking the virus coding sequence have 
been reported to have a negative effect on the efficiency of the HCV 1RES (Reynolds 
et al., 1995). Research has since shown that the section of virus coding sequence 
required for optimal 1RES activity base pairs with the 3’ end of the 5’ UTR to form a 
pseudoknot which includes the initiating AUG codon (Domain IV; Figure 1.12). The 
pseudoknot is required for efficient 1RES activity and is found in both HCV and in 
pestiviruses. Mutants lacking the pseudoknot are translationally inactive (Wang et 
al., 1995; Honda et al., 1996; Sizova and Shatsky, 2000). There are reports however, 
that virus coding sequence is not required for efficient 1RES function and that the 
pseudoknot formed at domain IV melts to allow the ribosome to bind to the initiating 
AUG codon (Rijnbrand et al., 2001). The virus coding sequence is not thought to be 
a part of the GBV-B 1RES element (Rijnbrand et al., 2000).
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Figure 1.12 Secondary structure of HCV 1RES element.
Secondary and tertiary RNA structure of HCV UTR and a section of coding region 
immediately downstream of the AUG start codon (highlighted). The region 
containing the HCV 1RES element (domain II to IV) is indicated using a dotted line. 
Taken from Honda et al., (1999).
Unlike picornavirus 1RES elements, the HCV 1RES does not contain a functionally 
significant pyrimidine rich region.
Single mutations of the initiating AUG codon of HCV to AUU or CUG had very 
little adverse effect on 1RES efficiency; this is in direct contrast to similar 
experiments performed in picornaviruses (Meerovitch et al., 1991; Pelletier et al., 
1988; Pilipenko et al., 1992). This is believed to be a result of a startling and quite 
unusual feature of the HCV 1RES element. That is the HCV 1RES (and the related 
pestivirus 1RES elements) do not require any of the eIF4 initiation factors or ATP 
hydrolysis for IRES-mediated initiation of translation to occur and the ribosome is 
still able to interact strongly with the 1RES (Pestova et al., 1998). In this sense the 
HCV and pestivirus 1RES elements are similar to the prokaryotic Shine-Dalgarno 
sequence in binding the ribosomal subunit directly in the absense of initiation factors 
and Met-tRNAi (Pestova et al., 1998; Jackson, 2000; Kolupoeva et al., 2000). Indeed, 
toeprinting analysis has indicated that the 40S ribosomal subunit interacts with the 
HCV 1RES around three nucleotides from the initiation codon. However, the 
presence of the eIF2/GTP/Met-tRNAi complex is required for the ribosomal subunit 
to attach to the initiation codon accurately (Pestova et al., 1998). The initiation factor 
eIF3, although not required for the formation of 40S/mRNA/Met-tRNAi, is needed in 
ribosomal subunit joining. Stem loop III (Figure 1.12) is believed to be a binding 
site for this initiation factor (Tang et al., 1999). It has also been reported recently that 
the HCV 1RES is able to induce a structural change in the 40S ribosomal subunit, 
which may aid in the initiation of translation in the absence of the eIF4 initiation 
factors (Spahn et al., 2001).
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It has been observed that the HCV 1RES alters its pattern of folding depending on ion 
concentration. At physiological concentrations of magnesium ions (and in the 
absence of any additional factors), the HCV 1RES element folds into a specific 3D 
structure (Kieft et al., 1999; Vos et al., 2002). This suggests that as the intracellular 
ion concentration changes during the virus infection cycle, so does the tertiary 
structure of the 1RES, possibly highlighting a way of regulating the efficiency of 
IRES-mediated translation.
1.17.2 Retroviruses
1RES elements have so far been reported in a number of retroviruses including 
Friend murine leukaemia virus, Moloney murine leukaemia virus, human T cell 
leukaemia virus, reticuloendotheliosis virus type A RNA, SIV and HIV (Berlioz and 
Darlix, 1995; Vagner et al., 1996; Attal et al., 1996; Lopez-Lastra et al., 1997; 
Ohlmann et al., 2000; Deffaud and Darlix. 2000; Buck et al., 2001). Interestingly, all 
of the retrovirus 1RES elements so far reported are found not in the UTR but instead, 
completely in the gag open reading frame (ORE; Vagner et al., 1995; Buck et al., 
2001).
Work on murine leukemia vims has shown that the 5’ leader sequences of both the 
full length virus RNA encoding the gag and pol gene and the spliced mRNA (env 
RNA) encoding the env protein contain 1RES elements (Berlioz and Darlix, 1995; 
Deffaud and Darlix, 2000). Research into SIV and HIV has so far shown that both 
contain an 1RES element in the 5’ leader sequence (Ohlmann et al., 2000; Buck et al.,
2001). In the case of the SIV 1RES, cleavage of eIF4G by FMDV L-protease 
stimulates the activity of the 1RES element (Ohlmann et al., 2000). In HIV type 1,
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the 1RES is believed to direct the translation not only of the Gag precursor protein 
(Pr55®“^ ) but also of a novel 40 kDa isoform of Gag (p40) which is truncated at the 
N-terminus and is believed to play an important role in virus replication in cell 
culture (Buck et al., 2001). The HIV type 1 protease has been shown to cleave 
eIF4GI but not eIF4GII. The cleavage of eIF4GI is unlike that of eIF4GI cleavage by 
picornaviruses as it occurs at more than one site. It also acts to inhibit both cap- 
dependent and IRES-mediated translation (although it does not affect the HCV 1RES 
whose activity is independent of eIF4G; Ohlmann et al., 2000).
1.17.3 Herpesviruses
1RES elements have also been reported in the coding region of vCyclin of Kaposi’s 
sarcoma-associated herpesvirus (KSHV; Bieleski and Talbot, 2000; Low et al., 
2000). These reports are the first to show an 1RES element encoded by a DNA virus. 
KSHV has three ORFs that encode the genes vFLIP (viral FLICE [FADD{Fas- 
associated death domain)like interleukin-1 beta-converting enzyme] inhibitory 
protein), vCyclin and latency-associated nuclear antigen (LANA). The RNA 
transcript is spliced to give a 5.32kb mRNA encoding LANA, vCyclin and vFLIP 
and a 1.7 kb bicistronic mRNA encoding vCyclin and vFLIP. No monocistronic 
mRNA transcript encoding vFLIP alone has been detected (Bieleski and Talbot, 
2000; Low et al., 2000).
It is reported that ORE 72 of KSHV, which encodes v-cyclin and precedes vFLIP, 
contains an 1RES element that is able to efficiently direct the translation of vFLIP 
from the KSHV bicistronic mRNA in vivo (Bieleski and Talbot, 2000; Low et al., 
2000). The boundaries of the 1RES have yet to be accurately defined. However, they
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appear to consist of around 233 bases which includes the 3’ end of the vCyclin 
coding region as well as some of the 82 nucleotide intercistronic region immediately 
preceding vFLIP (Bieleski and Talbot, 2000; Low et al., 2000).
KSHV vFLIP acts to protect cells from Fas-mediated apoptosis by inhibiting caspase 
activation and also prevents death receptor-induced apoptosis triggered by cytotoxic 
T-cells. This may explain why its expression is so carefully controlled.
1.18 1RES elements in yeast mRNAs
1RES elements have also been reported in Saccharomyces cerevisiae mRNA, within 
the YAPl 5’ leader sequence and the p i50 5’ leader sequence. However the p i50 
1RES was reported to be more efficient than the YAPl 1RES (Zhou et al., 2001). 
There are also further reports of yeast systems being able to support 1RES activity of 
Cricket paralysis-like viruses (Thompson et al., 2001).
1.191RES elements in cellular mRNAs
The first cellular mRNA found to contain an 1RES element was that of human 
immunoglobulin heavy chain-binding protein (BiP; Ting and Lee, 1988). It was 
observed that BiP mRNA was translated in PV-infected cells, even under conditions 
where the majority of host cell translation had been inhibited by eIF4G cleavage. By 
inserting the BiP 5’ UTR into a bicistronic assay system it was shown that the 5’ 
UTR contained 1RES activity (Sarnow, 1989; Macejak and Sarnow, 1991). Since 
these first experiments, research into the boundaries of the BiP 1RES has shown that 
although the 1RES is believed to be located between nucleotides 129 and 220,
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fragments of BiP still retain 1RES activity (Sizova and Shatsky, 2000). This would 
suggest that the boundaries of the BiP 1RES and possibly of other cellular 1RES 
elements are not as clearly defined as those of picornavirus 1RES elements. There are 
now a number of cellular mRNAs reported to contain 1RES elements (Table 1.1). 
However, some doubt has been expressed over the completeness of the experiments 
performed and further validation has been called for (Kozak, 2001). However this 
section will review the data on cellular 1RES elements to date.
Conditions of physiological stress have less of an affect on IRES-mediated 
translation than on cap-dependent translation. Therefore, it is no surprise that the 
cellular mRNAs found so far to contain 1RES elements are generally involved in 
processes such as cellular proliferation and growth. Many of these mRNAs are 
translated during hypoxia, development, apoptosis, growth arrest, angiogenesis, 
heatshock, cold stress, serum deprivation, amino acid starvation, oxidative stress, 
differentiation, y-irradiation and mitosis (Huez et al., 1998; Stein et al., 1998; Holcik 
et al., 2000; Stoneley et al 2000 a; Chappell et al., 2001; Fernandez et al., 2001). 
Activation of cellular 1RES elements at specific phases of the cell cycle has also been 
demonstrated (Cornells et al., 2000; Pyronnet et al., 2000).
1.20 Comparison of cellular and virus 1RES elements
The cellular mRNAs investigated generally have some features in common with the 
picornavirus 5’ UTRs although no sequence conservation is seen between cellular 
and virus 1RES elements. 1RES-containing cellular mRNA UTRs are generally 
longer than would be expected of cellular RNAs translated in a cap-dependent
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Mammalian:
Immunoglobulin heavy-chain binding protein (BiP) 
Fibroblast growth factor 2 (FGF2)
Insulin-like growth factor (IGF2)
Platelet-derived growth factor B (PDGF/c-5 /5 ) 
c-myc
DNA binding protein MYT2 
Vascular endothelial growth factor (VEGF) 
Cardiac voltage-gated potassium channel 
X-linked inhibitor-of-apoptosis (XIAP)
Apopyotic protease activating factor (Apafl) 
Death-associated protein 5 (DAP5)
Ornithine decarboxylase
Protein kinase
Gtx homeodomain protein
Drosophila:
Antennapedia
Ultrabithorax
Table 1.1 List of some of the cellular mRNAs reported to contain 1RES 
elements.
manner. The average length of a cellular 5’ UTR is around 100 nucleotides, in a 
cellular mRNA containing an 1RES element this is increased to around a few 
hundred nucleotides (for example the BiP 1RES is 220 nucleotides long) and can be a 
great deal longer (for example the Antennapedia 1RES is 1727 nucleotides long). 
Deletion analysis of cellular mRNAs has indicated that the 1RES elements are 
generally located at the 3’ end of the 5’ UTR (reviewed in Carter et al., 2000). 
Research has indicated that the 5’ end of the UTR is believed to contain regulatory 
elements as seen in picornaviruses. Cellular mRNA 5’ UTRs containing an 1RES can 
also contain more than one AUG codon and/or are GC rich, suggesting the presence 
of secondary structure (lizuka et al., 1995). However, it should be noted that the 
appearance of one or more of these features in a UTR does not necessarily mean that 
sequence contains an 1RES element.
The structure of cellular 1RES elements has also been shown to be very important to 
their activity, sometimes with small deletions drastically reducing the activity of the 
1RES, as is the case for virus 1RES elements (Section 1.20.4; Paulin et al., 1996; 
Willis et al., 1997). Some of the cellular 1RES elements, for example PDGF2 and 
cardiac voltage gated potassium channel, contain an oligopyrimidine-rich sequence 
near the 3’ border of the 1RES (Bernstein et al., 1997; Negulescu et al., 1998). This is 
one feature cellular 1RES elements share with picornavirus 1RES elements.
It has been reported that cellular 1RES elements, specifically both BiP and c-myc 
1RES elements, require a “nuclear event” for efficient 1RES activity (lizuka et al., 
1995; Jackson, 2000; Stoneley et al., 2000b). Both BiP and c-myc 1RES elements 
have been shown to function only in transcripts expressed in the nucleus. In the case 
of the BiP 1RES element, two specific nuclear protein factors (p95 and p60) have 
been identified as interacting with the 1RES (Yang and Sarnow, 1997).
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1.20.1 Effect of /rflws-acting factors on cellular 1RES elements
Somewhat unexpectedly, the non-canonical initiation factors important in vims 1RES 
function, such as PTB, La, PCBP or unr have been shown to be less important to the 
efficiency of cellular 1RES elements. Studies using UV-crosslinking to identify the 
interaction of cellular 1RES elements with proteins have identified a different set of 
proteins that interact with these elements. For example a number of unidentified 
cellular proteins such as p95 and p60 (for BiP) and proteins ranging in size from 38 
kDa to 105 kDa (for c-myc) have been demonstrated to bind to these 1RES elements, 
although PTB has also been shown to bind (Vagner et al., 1996; Yang and Sarnow, 
1997; Huez et al., 1998; Paulin et al., 1996; Sella et al., 1999). However, although in 
each case an interaction between protein and 1RES has been shown, it is still unclear 
if these proteins have any functional effect on the activity of the cellular 1RES 
elements. La however, has been reported to interact with some cellular" 1RES 
elements, namely BiP and X-linked inhibitor of apoptosis protein (XIAP; Holcik and 
Korneluk, 2000; Ki Kim et al., 2001). Moreover, in the case of BiP, La was shown 
not only to bind the 1RES but also to stimulate translation, although only when used 
in quite large amounts (Ki Kim et al., 2001).
1.20.21RES elements in mRNAs of proteins involved in apoptosis
Translational control during apoptosis is an area under intense study. During the 
early stages of apoptosis eIF4GI and II are both cleaved by caspase 3 and this 
correlates with the inhibition of cap-dependent protein synthesis.
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XIAP mRNA is translated by internal initiation (Holcik et al., 1999). The XIAP 
1RES element is found within the 5’ UTR just upstream of the initiation site and is 
162 nucleotides long (Holcik et al., 1999). The XIAP 1RES element has been shown 
to function in the in vitro RRL system, as well as in HeLa cells (Holcik and 
Korneluk, 2000). It is a member of the highly conserved intrinsic cellular lAP 
family. The family is a powerful inhibitor of apoptosis, believed to bind and inhibit 
caspases. XIAP synthesis is not inhibited by eIF4G cleavage and the XIAP 1RES has 
been shown to be active under stress conditions such as serum starvation and y- 
irradiation-induced apoptosis, both of which result in the inhibition of cap-dependent 
initiation of translation. Therefore, XIAP is synthesized during the early stages of 
apoptosis, which is essential if the first steps of a cell’s progress towards cell death 
are to be reversed (Holcik et al., 2000).
However it is not only mRNAs encoding anti-apoptotic proteins which are translated 
by internal initiation. The apoptotic protease activating factor (Apafl) mRNA, 
encoding a pro-apoptotic protein, has also been reported to contain an 1RES element. 
Unlike some cellular 1RES elements (such as ornithine decarboxylase, see later) 
Apafl is only translated by an 1RES element and not via a cap-dependent mechanism 
as well (Coldwell et al., 2000). Work on the Apafl 5’ UTR has shown that in HeLa 
cells, most (around 75 %) of the 1RES activity is found within the first 233 
nucleotides of the UTR (Coldwell et al., 2000). The Apafl 1RES has been shown to 
function within most human cell lines, with the exception of SY5Y neuronal cells 
where the 1RES was inactive. The Apafl 1RES was most active in human cervical 
carcinoma (HeLa) and human liver carcinoma (HepG2) cell lines. It was inactive in 
mouse fibroblast (Balbc) cells (Coldwell et al., 2000). Apafl is involved in the 
cytochrome-c-mediated activation of procaspase-9.
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Another apoptotic mRNA shown to contain an 1RES element is that of death 
associated protein 5 (DAP5), a positive mediator of apoptosis (Henis-Korenblit et ah, 
2000). DAP5 is a member of the eIF4G family but it lacks the N-teraiinal region of 
eIF4G that includes the eIF4E binding domain and so is unable to support cap- 
dependent translation. The first 306 nucleotides of the DAP5 5’ UTR were inserted 
into a bicistronic construct and tested in human cell lines (293 cells and HeLa-Fas- 
Bujard [HFB]). In this way the 306 nucleotide region of the UTR was shown to 
posses 1RES activity (Henis-Korenblit et al., 2000). The DAP5 1RES was also shown 
to function in the in vitro RRL system (Henis-Korenblit et al., 2000). DAP5 is 
believed to act by sequestering eIF3 and eIF4A in inactive complexes and as a result, 
it not only inhibits cap-dependent translation, but also IRES-mediated translation 
(Imataka et al., 1997; Yamanaka et al., 1997). DAP5 is thought to be a caspase- 
activated translation factor that is able to mediate its own cap-independent 
translation. This generates a positive feedback loop that results in continuous 
translation of DAP5 during apoptosis (Henis-Korenblit et al., 2000; Holcik et al.,
2000). DAP5 is cleaved during apoptosis by caspases into two fragments, the larger 
fragment p86 (missing the C-terminus) is still able to interact with eIF4A and eIF3 
similar to the central part of caspase-cleaved eIF4G. During Fas-induced apoptosis, 
the cleaved p86 form of DAP5 is able to persist in cells at levels comparable to those 
of the uncleaved (p97) foiTn of DAP5 in growing cells. This does not occur with the 
cleaved form of eIF4GI, where the levels are soon reduced in comparison to 
uncleaved elF4GI in growing cells. More recently, work on the p86 fragment has 
shown it can stimulate IRES-mediated translation of c-myc, Apafl, DAP5 and XIAP, 
a property that the similar fragment of eIF4GI does not possess. It would appear that 
the cleavage of DAP5 and removal of the C-terminus destroys an inhibitory affect
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exerted by the C-terminus on the ability of DAP5 to support IRES-mediated 
translation (Henis-Korenblit et al., 2000).
1.20.3 c-myc
A  proto-oncogene, c-myc is an important regulator in cell proliferation, growth cycle 
progression and in differentiation and its deregulation is associated with many 
different tumour types. The protein acts as a transcription factor. It forms 
heterodimers with its binding partner Max, which bind to E-box sequences (a 
hexanucleotide CACGTG). The c-myc mRNA can be translated both by cap- 
dependent and by IRES-mediated mechanisms. The c-myc 5’ UTR has been 
demonstrated to contain an 1RES element positioned upstream of the initiation site 
between nucleotides 95 and 363 (Nanbru et al., 1997; Stoneley et al., 1998). Within 
the c-myc gene there are many transcription start sites which generate four transcripts 
(PO, PI, P2 and P3), the c-myc 1RES is positioned downstream of the P2 promoter. 
Between 75-90 % of c-myc transcripts are synthesised from this promoter. Therefore, 
as a result, most c-myc mRNAs have the potential to initiate translation internally. 
The 1RES has been shown to function in the in vitro RRL system as well as in COS-7 
monkey cells, HepG2 cell and HeLa cells (Nanbru et al., 1997; Stoneley et al., 1998). 
Under conditions where eIF4E is overexpressed and where there is an increase in 4E- 
BP phosphorlyation, an increase in c-myc expression is seen due to an increase in 
cap-dependent translation (De Benedetti and Rhoads, 1990; West et al., 1998). 
However, during apoptosis, cleavage of eIF4G results in the switch to internal 
initiation of translation of the c-myc mRNA. It is believed that c-myc is required at 
the end of apoptosis and is possibly involved in the recognition of apoptotic self by
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phagocytes (Stoneley et al., 2000 a and b; Créancier et al., 2001; Subkhankulova et 
al., 2001). The secondary structure of the c-myc 1RES has been predicted, based on 
experimental data (Figure 1.13; Le Quesne et al., 2001), which is in line with the 
computer predictions of other cellular 1RES elements such as BiP and VEGF (Sizova 
and Shatsky, 2000). The c-myc 1RES has been shown to consist of two structural 
domains joined by a long unstructured region, both of which are required for optimal 
1RES activity (Le Quesne et al., 2001). Domain 1 consists of a GNNRA apical loop 
and an overlapping double pseudoknot motif while domain 2 is smaller and contains 
an apical AUUU loop (Le Quesne et al., 2001). The ribosome is thought to enter the 
mRNA downstream of the two domains on a 16 nucleotide region (Le Quesne et al.,
2001).
1.20.4 The benefits of cellular 1RES elements
Many of the cellular mRNAs so far identified to contain an 1RES element, such as 
vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2) and 
platelet-derived growth factor (PDGF), are involved in the process of angiogenesis 
(the growth of new blood vessels under conditions of wound healing, ischemia and in 
many cancers). In the case of VEGF, the 5’ UTR is believed to contain two different 
1RES elements, each capable of binding different cellular proteins. 1RES A is located 
at nucleotides 745-1038 and is just upstream of the initiating AUG codon, whilst 
1RES B is located at nucleotides 91-134. UV-crosslinking analysis has shown that 
most of the proteins that bind the VEGF 1RES elements (including PTB), bind 1RES 
B, although it has not been shown if these have an effect on 1RES activity. The 
presence of two 1RES elements indicates an unusual method of regulation of VEGF
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expression (Huez et al., 1998). VEGF is very important in angiogenesis, therefore 
fine control of its expression is important. The two VEGF 1RES elements are 
sensitive to different environmental conditions or cellular contexts, therefore it is 
possible that they provide flexibility in VEGF expression. Both PDGF and VEGF 
showed the highest 1RES activity when the entire UTR was used (Bernstein et al., 
1997; Huez et al., 1998). A structure has been predicted by computer analysis, which 
is similar in a number of cellular 1RES elements including BiP, FGF2, Antennapedia, 
VEGF and PDGF2 (Figure 1.14; Sizova and Shatsky, 2000). This is a Y-shaped 
double hairpin structure followed by a smaller single hairpin structure upstream of 
the AUG initiating codon (Le and Maizel, 1997) although, whether or not this 
structure has a role in 1RES function remains to be seen (Le and Maizel, 1997; Huez 
et al., 1998; Sella et al., 1999).
Another example of where 1RES elements can be an advantage in cells is at the G2/M 
phase of the cell cycle. In this phase cap-dependent translation is reduced. Two 
examples of IRES-containing mRNAs that have been found to be particularly active 
during this phase are ornithine decarboxylase (GDC) and protein kinase p58^ ^^ ^^ ^®. 
Translation of GDC mRNA at this stage in the cell cycle is thought to result in 
increased levels of polyamines that may be used in the formation of the mitotic 
spindle (Pyronnet et al., 2000). The reason behind protein kinase p58^ ^^ ®^ ^^  being 
able to function at the Gg/M phase is so far unknown but no doubt must confer some 
advantage to the cell (Cornells et al., 2000). Some cellular mRNAs, such as GDC, 
are thought to utilize both a scanning mechanism of translation and an IRES- 
mediated one that functions only under special circumstances. GDC mRNA is 
thought to be translated via a scanning mechanism throughout the cell cycle except at
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Figure 1.14 General structure of cellular 1RES element showing the binding of 
40S ribosomal subunit and initiation factors.
Structure of cellular 1RES elements and model for internal ribosome entry on 1RES 
elements. 4E, 4G, 4A, 3 and 2 refer to the initiation factors eIF4E, eIF4G, eIF4A, 
eIF3 and eIF2 respectively. The 40S ribosomal subunit is indicated by 40S. X 
represents the regulatory /ra«5-acting factor involved in the binding of the ribosomal 
subunit to the 1RES. Taken from van der Velden and Thomas (1999).
the G2/M border where it is translated by an 1RES dependent mechanism (Pyronnet 
et al., 2000).
1.21 Cricket paralysis-like viruses
1.21.1 Classification
The Cricket paralysis-like viruses (or insect picorna-like viaises; D’Arcy et al., 1981 
a and b; Gildow and D’Arcy, 1990) are an emerging group of positive sense, single 
stranded RNA viruses. For the sake of this thesis the term Cricket paralysis-like virus 
will be used to describe Cricket paralysis virus (CrPV), Drosophila C virus (DCV), 
Rhopalosiphum padi virus (RhPV), Triatoma virus (TrV), Himetobi P viais (HiPV), 
Black Queen cell virus (BQCV) and Acute Bee Paralysis virus (ABPV). “Type 2 
insect picorna-like viruses” will be used to describe Infectious flacherie virus (IFV) 
and Sacbrood virus (SBV; Table 1.2). Another insect picorna-like virus 
Acyrthosiphon pisum virus (APV) contains two ORFs, the second of which encodes 
the structural proteins, as is the case for Cricket paralysis-like viruses (Section 
1.21.2; Table 1.2). However, it does not have an IGR and translation of the second 
ORF is believed to occur due to a frameshift, therefore it is not classified as a Cricket 
paralysis-like virus (van der Wilk et al., 1997; Figure 1.15). There is evidence that 
suggests that Cricket paralysis-like viruses and Type 2 insect picorna-like viruses are 
structurally related, as are mammalian picornaviruses. However, genome 
organisation, presence of IGR 1RES elements and host range all point towards 
Cricket paralysis-like viruses being a distinct family from both the Type 2 insect 
picorna-like viruses and the mammalian picornaviruses (Moore et al., 1980; Moore et
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Cricket paralysis-like 
viruses
Type 2 insect picorna- 
like viruses
Insect picorna-like virus
Clade 1 Infectious flacherie virus Acryrthosiphum pisum virus
(IFV) (APV)
Cricket paralysis virus (CrPV) Sacbrood virus (SBV)
Drosophilia C virus (DCY)
Rhopalosiphum padi virus
(RhPV)
Clade 2
Himetobi P virus (HÎP V)
Triatoma virus (TrV)
Plautia stali intestine virus
(PSIV)
Black Queen cell virus
(BQCV)
Clade 3
Acute Bee Paralysis virus
(ABPV)
Table 1.2 Insect picorna-like viruses.
The table shows three different types of insect picorna-like viruses; Cricket paralysis- 
lilce viruses (CrPVs), type 2 insect picorna-like viruses and insect picorna-like virus 
APV. CrPVs can be split into three clades based on the sequences of the vkus capsid 
proteins. Based on this the member of the third clade ABPV, is considered to be the 
mid point between the CrPVs and the type 2 insect picoma-like viruses. Adapted 
from Liljas et al. 2002.
(A) Cricket paralysis-like viruses
CrPV, DCY, RhPV, HiPV, TrV and PSIV
Non-structural Proteins Structural Proteins 
^ ^
5’ UTR
ORF 1 IGR ORF 2
3’ UTR
(B) Type 2 insect picorna-like viruses 
SBV and IFV
Structural Proteins Non-structural Proteins
5’ UTR
a
M----------- ------------- ------------------------------------------------------- ►
ORF 1
VPg
(C) Insect picorna-like virus
APV
Non-structural Proteins Structural Proteins
X
5’ UTR
3’ UTR
Figure 1.15 Comparison of genome organisation of three of the groups of insect 
picorna-like viruses.
The cricket paralysis-like viruses (CrPVs) contain two ORFs, the first encodes the 
non-structural proteins whilst the second encodes the structural proteins. Type 2 insect 
picorna-like viruses (SBV and IFV) are more like mammalian picornaviruses in their 
genome organisation with one ORF encoding the structural proteins at the N terminus 
and the non-structural proteins at the C terminus. The insect picorna-like virus APV 
has a genome structuie similai' to caliciviruses, encoding non-structural proteins at the 
N terminus and structural proteins at the C terminus. APV does not have an intergenic 
region (IGR) and translation of the second ORF is believed to occur by a frameshifi.
al., 1985; Isawa et al., 1998; Sasaki et al., 1998; Nakashima et al., 1999; Liljas et al.,
2002). Within the Cricket paralysis-like viruses, there are three separate clades based 
on the sequences of the capsid proteins (Table 1.2). The member of the third clade 
(ABPV) is almost the mid-point between the Cricket paralysis-like viruses and the 
Type 2 insect picorna-like vimses (although it is more closely related to Cricket 
paralysis-like viruses than to Type 2 insect picorna-like viruses).
Cricket paralysis-like viruses share some physical and morphological similaiities 
with mammalian picornaviruses. They are similar in composition, size of the capsid 
proteins and in the biophysical properties of the RNA genome (Section 1.21.2). 
Positive-stranded RNA viruses are generally divided into three supergroups. The 
division between the groups is based on sequence alignment of the RNA-dependent 
RNA polymerase; viruses similar to picornaviruses are considered to be a subgroup 
of supergroup one (Koonin, 1991; Fields et al., 1996).
Phylogenetic analysis of non-structural vims proteins, coupled with the above 
structural protein evidence has indicated that picornaviruses. Cricket paralysis-like 
viruses and the IFV/SBV group are all related. From non-structural virus protein 
analysis, plant viruses from the Comoviridae and Sequiviridae are also thought to be 
related (Isawa et al., 1998; Ghosh et al., 1999; Liljas et al., 2002).
1.21.2 Cricket paralysis-like virus genome organisation
Most of the Cricket paralysis-like viruses have a different genome organisation to 
that of mammalian picornaviruses and other RNA viruses. (Figure 1.16; Moore et 
al., 1980; Scotti et al., 1981; Tate et al., 1999). The mammalian picornavirus genome 
contains a single, large ORF that encodes a polyprotein which is post-translationally
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cleaved to give rise to the structural and non-structural proteins encoded by the N- 
terminal and C-terminal regions respectively. However Cricket paralysis-like virus 
genomes, contain two ORFs that encode two polyproteins. The upstream ORF 
encodes the non-structural proteins such as RNA helicase, 3C-like proteinase and 
RNA dependent RNA polymerase, whilst the downstream ORF encodes the 
structural proteins (VPl, VP2, VP3, VPO, VP4; Johnson and Christian, 1998; Moon 
et al., 1998, Nakashima et al., 1999; Czibener et al., 2000; Domier et al., 2000). The 
picornavims polyprotein is cleaved to give VPO, VP3 and VPl. At the point of 
capsid assembly, VPO is cleaved at the N-terminus to generate VP4. What is left of 
VPO after the cleavage event is called VP2. In the case of the Cricket paralysis-like 
viruses, there are also the structural proteins VP2, VP3 and VPl. VP4 also exists, 
however VP4 is an N-terminal extension cleaved from VP3, that leads to a slightly 
different order of protein sequences on the polyproteins (Figure 1.16; Moore et al., 
1981; Liljas et al., 2002). Another difference to mammalian picornaviruses is seen in 
the amount of stmctural and non-structural proteins produced. With human 
picornaviruses, similar amounts of both types of proteins are produced (Rueckert, 
1996). In the case of the insect picorna-like vimses, structural proteins appear to be 
produced in greater quantities than the non-structural proteins, suggesting that the 
two are produced independently of one another and suggesting the existence of 1RES 
elements preceeding both ORFs (Moore et al., 1980; Moore et al., 1981).
However, there is also a similarity between the Cricket paralysis-like virus and 
picornavirus UTRs. In CrPV the 5’ UTR preceeding ORFl contains many AUGs and 
stop codons as do mammalian picornavirus RNAs (Wilson et al., 2000). The Cricket 
paralysis-like viruses are believed to possess 1RES elements in both the 5’ and IGR 
UTRs. The CrPV 5’ and IGR, Plautia stali intestine virus (PSIV) IGR and RhPV
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contain 1RES elements (Domier et al., 2000; Sasald and Nakashima, 2000; Wilson et 
al., 2000). Results in Chapter 3 also demonstrate that the RhPV 5’ UTR contains an 
1RES element.
1.21.3 Cricket paralysis-like virus 5’ 1RES elements
The CrPV 5’ UTR has been shown to contain an 1RES element. The 5’ UTR 
(nucleotides 1-709) were inserted into a bicistronic reporter plasmid between the 
reporter genes for Renilla luciferase and firefly luciferase, and tested for 1RES 
activity in a number of systems. The CrPV 5’ 1RES functions in Drosophila SL2 
cells and in the RRL translation system (Wilson et al., 2000), but was not able to 
function in the wheat germ translation system (Wilson et al., 2000).
The other Cricket paralysis-like viruses, RhPV, PSIV and HiPV have similar 
characteristics to that of CrPV such as long 5’ UTRs (generally over 500 nucleotides) 
and multiple AUG codons and are therefore thought to also contain 1RES elements in 
their 5’ UTRs, although this is not yet proven (Sasaki and Nakashima, 1998; 
Nakashima et al., 1999).
1.21.4. Cricket paralysis-like virus IGR 1RES elements
CrPV, PSIV and RhPV IGRs have been shown to contain 1RES elements (Sasaki et 
al., 1998; Sasaki and Nakashima, 1999; Wilson et al., 2000; Domier et al., 2000). 
The CrPV IGR contains an 1RES element that is 189 nucleotides long (nucleotides 
6022-6232; Wilson et al., 2000). The CrPV IGR was inserted into a bicistronic
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reporter construct between the reporter genes for Renilla luciferase and firefly 
luciferase. The 1RES activity was tested in a number of different systems and found 
to function in Drosophila SL2 cells, RRL in vitro translation system, wheat germ in 
vitro translation system, and in yeast (Wilson et al., 2000; Thompson et al., 2001). 
The IGR 1RES was reported to function more efficiently than the 5’ 1RES in both the 
SL2 cells and the RRL translation system (Wilson et al., 2000).
The PSIV IGR contains an 1RES element of around 250 nucleotides (Sasaki et al., 
1998; Sasaki and Nakashima, 1999). Deletion analysis has shown that the 5’ 
boundary of the PSIV IGR 1RES element lies somewhere between nucleotides 5950 
and 6001. Deletion of nucleotides 5379 to 5949 had no detrimental effect on 1RES 
activity, whilst removal of the nucleotides up to position 6001 abolished 1RES 
activity (Sasaki and Nakashima, 1999). By the same process of analysing the 1RES 
activity of different deletion mutants, the 3’ PSIV IGR 1RES boundary has been 
shown to extend into the coding region of ORF2, between nucleotides 6196 and 6201 
(Sasaki and Nakashima, 1999, 2000). The PSIV IGR 1RES element has been shown 
to function in the in vitro RRL translation system.
The RhPV IGR (nucleotides 6543-7106) also contains an 1RES element (Domier et 
al., 2000). Structural predictions show the IGR 1RES to be composed of five stem 
loops from nucleotides 6875 to 7112 therefore as with PSIV, the RhPV IGR 1RES 
element extends into ORF2. Deletion analysis of the RhPV IGR 1RES has shown that 
the region 6929 to 7112 (stem loops 2 to 5) still displays some 1RES activity. The 
RhPV IGR 1RES element has been shown to function in the in vitro RRL translation 
system (Domier et al., 2000).
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1.21.5 Structure of Cricket paralysis-like virus 1RES elements
For ail three viruses (CrPV, PSIV and RhPV) the proposed structure of the IGR 
1RES elements contain some familiar features. The stem loop structures contain a 
GNRA motif (stem 2) and a RAAA motif (stem 4) that is similar to the ACCC motif 
seen in aphthovirus 1RES elements (Lopez de Quinto and Martinez-Salas, 1997; 
Domier et al., 2000). Other than these similarities, there is little further similarity to 
be found between the Cricket paralysis-like virus IGR 1RES elements and those of 
other virus 1RES elements (Domier et al., 2000). From the predicted secondary 
structures of the Cricket paralysis-like virus IGRs, it appears as though stem loops 2- 
4 are highly conserved and although in the RhPV IGR mutants containing stem loops 
2-5 were able to initiate translation relatively well, loops 1-5 were required for 
optimal 1RES activity (Domier et al., 2000).
1.22 Non AUG initiation
All of the IGR 1RES elements mentioned above have an unusual feature in common; 
all are believed to initiate translation at a non-AUG codon as none contain an in­
frame AUG codon. Non-AUG initiation has been observed before, however, the 
initiation codon generally only differs from AUG by a single nucleotide (for 
example, CUG, GUG, AUU or ACG) and therefore, it is thought that the anticodon 
of the initiator methionine tRNA is still able to recognise them and that methionine 
remains the initiating amino acid even though AUG is not the initiating codon. 
Codons unrelated to AUG (i.e. with more than one nucleotide change) should not be 
able to support the initiation of translation. The evidence however, suggests
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otherwise as ORF2 of CrPV, DCV and RhPV are believed to use CCU as the start 
codon whilst PSIV uses CUU and TrV, CUC (Johnson and Christian, 1998; Sasaki 
and Nakashima, 1998; Domier et ah, 2000; Wilson et ah, 2000). In these cases 
initiator methionine tRNA is not believed to be involved in the initiation of 
translation at all (Sasaki and Nakashima, 2000).
If initiator methionine tRNA is not involved in the initiation of translation of the 
second ORFs of the Cricket paralysis-like viruses, then how is translation initiated? 
The suggested theory is that the tertiary structure of the IGR 1RES elements positions 
the ribosome at the initiation codon. Once there, a pseudoknot in the 1RES occupies 
the ribosomal P site, thus stabilising the structure. This enables the initiating tRNA to 
enter the ribosomal A site to initiate translation (RajBhandary, 2000; Sasaki and 
Nakashima, 2000). This theory is supported by a number of points. The positioning 
of the ribosome at the initiation codon through the tertiary structure of the 1RES is 
not a new concept. This is seen with HCV, where the ribosomal P site is placed at the 
initiation codon by the HCV 1RES, in the absence of eIF2 and Met-tRNAi (Pestova 
et al., 1998; Pestova and Hellen, 1999). Another supporting point is that in PSIV, it 
has been shown that a pseudoknot is required for the IGR 1RES to function. 
Nucleotides 6151-6153 and 6175-6177 base pair as do nucleotides 6157-6159 and 
6170-6172; this forms a pseudoknot structure (Figure 1.17). By mutational analysis 
this has been proven to be essential for the PSIV IGR 1RES to function. Nucleotides 
6163-6167 of the loop segment of the PSIV pseudoknot structure have been shown to 
interact with nucleotides 6188-6192 immediately upstream of ORF2, including the 
CUU initiation codon. Disruption of this inverted repeat reduced, and in some cases 
abolished, the ability of the IGR 1RES to initiate translation (Sasaki and Nakashim, 
1999; Sasaki and Nakashima, 2000). Similar pseudoknot structures have been
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Figure 1.17 Schematic diagram of PSIV genome and structure.
(A) Organisation of PSIV genome. White open boxes represent ORFs while the bold 
lines represent UTRs. Nucleotide positions are indicated. (B) Predicted secondary 
structure of PSIV IGR 1RES showing stem loops I to VI. The base pair interaction of 
the predicted pseudoknot between nucleotides 6163-6167 (end of stem loop VI) and 
nucleotides 6188-6192 is indicated. Shaded regions represent areas mutated in the 
reference to confirm the importance of the stem loop and of the stem loop interaction 
to 1RES function. Taken from Sasaki and Nakashima (2000).
reported in RhPV and CrPV (Domier et ah, 2000; Wilson et al., 2000). In CrPV 
nucleotides 6187-6191, which are positioned in the loop segment of a pseudoknot 
structure, have been shown to interact with nucleotides 6121-6216. These 
nucleotides (as in PSIV and RhPV) include the CCU initiation codon (Wilson et al., 
2000).
Although no experimental work on the IGRs of other Cricket paralysis-like viruses 
has been carried out to date, computer predictions of the HiPV IGR have indicated 
that it too contains a secondary structure similar to that seen in CrPV, RhPV and 
PSIV (Nakashima et al., 1999). HiPV and DCV have also been shown to contain 
inverted repeats between nucleotides of the loop segment of a pseudoknot in the 3’ 
end of the putative IGR 1RES and nucleotides immediately upstream of the initiation 
codon of ORF2 (Sasaki and Nakashima, 1999; Nakashima et al., 1999).
Assuming that the proposed model for non-AUG initiation is accurate, the interaction 
of the pseudoknot structure with the ribosomal P site will stabilise the ribosome on 
the Cricket paralysis-like virus RNA. If this stabilisation is great enough, it could 
allow ORF2 translation initiation to occur in the absence of eukaryotic initiation 
factors, as is seen with the HCV 1RES (RajBhandary, 2000; Sasaki and Nakashima, 
2000; Wilson et al., 2000).
1,23 R hopalosiphum  p a d i virus
Rhopalosiphum padi virus (RhPV) is a member of the Cricket Paralysis-like virus 
family, so characterised due to its physiochemical properties (Moon et al., 1998). It 
was first characterised by D’Arcy and colleagues (D’Arcy et al., 1981 a and b), 
where it was initially isolated from Rhopalosiphum padi (L), an oat bird cherry aphid
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(D’Arcy et al., 1981 a). RhPV accumulates in the posterior midgut and in the hindgut 
of aphids and is transmitted transovarially and also through contact with infected 
aphids (Williamson et al., 1988; Gildow and D’Arcy, 1990; Laubscher and von 
Wechmar, 1989). Infection with RhPV causes a decrease in the longevity and 
fecundity of aphids (D’Arcy et al., 1981b; Gildow and D’Arcy, 1990; Williamson et 
al., 1992). Aphids infected with RhPV present with uncoordinated movement and 
paralysis, which leads to death (Williamson et al., 1988).
RhPV has a limited host range and is able to infect R. padi, Shizaphis graminum, 
Metopolophium dirhodum, R. maidis, Diuraphis noxia and Sitobion avenae 
(Williamson et al., 1988; Williamson et al., 1989). It is thought that RhPV can use 
plants as a reservoir, enabling the virus to survive outside of its host. However the 
virus is not believed to actually replicate within plant cells (Williamson et al., 1989), 
but it has been shown to be transmitted horizontally through plants. Previously 
healthy aphids have become infected with RhPV after feeding on a plant on which 
infected aphids have fed (Gildow and D’Arcy, 1990).
1.24 RhPV genome
Rhopalosiphum padi virus (RhPV) particles exhibit icosehedral symmetry and are 27 
nm in diameter. The RhPV genome is a single strand of RNA, 10,011 nucleotides in 
length (excluding the poly(A) tail at the 3’ end of the genome). This is larger than the 
genomes of most mammalian picornaviruses (about 7.5 kb; Figure 1.16). The RhPV 
genome contains two ORFs. The first ORF initiates at nucleotide 580 (at the third 
AUG codon) and continues until nucleotide 6573. It encodes a 1998 amino acid 
protein of 229 kDa, thought to include the nonstructural proteins such as those
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involved in the replication of virus RNA (for example, RNA polymerase as well as 
virus helicase; Moon et al., 1998) The second ORF is believed to initiate around 
nucleotide 7107 and extend to nucleotide 9558. ORF2 encodes the stmctural 
proteins. RhPV has three major capsid proteins analogous to VP2, VP3 and VPl of 
picornaviruses, and a small protein that is the equivalent of the picornavirus VP4 
protein (Williamson et al., 1989; Moon et al., 1998; Liljas et al., 2002). Both ORFs 
are preceded by long UTRs, of over 500 nucleotides.
1.25 RhPV IGR 1RES
So far research on RhPV mRNA translation has focused on the IGR UTR, which has 
been shown to contain an 1RES element (Domier et al., 2000). The IGR 1RES is 
positioned at nucleotides 6543-7106 (Section 1.21.4). It is believed that the initiation 
of translation occurs at a non-AUG codon, specifically a CCU codon and that as in 
the case of PSIV, a pseudoknot structure immediately upstream of the CCU start 
codon is required for translation to occur (Figure 1.18) The proposed structure of 
the RhPV IGR 1RES element has been shown to contain some familiar features 
(Section 1.21.5).
1.26 RhPV 5’ UTR
The RhPV 5’ UTR is 579 nucleotides long and uncapped. It contains three AUG 
codons; translation initiation of ORF 1 occurs at the third AUG codon (AUG5 80; 
Moon et al., 1998). As well as multiple AUG codons, the RhPV 5’ UTR shares other 
similarities with picornavirus 5’ UTRs. The RhPV 5’ UTR contains many stop
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Figure 1.18 Predicted secondary structure of RhPV intergenic 1RES element.
Representation shows predicted interaction between the 3’ psuedoknot and the first 
two codons of ORF 2 (underlined). Boxed regions indicate nucleotides identical in 
RhPV and DCV, positions where the nucleotides are not identical but where there is 
preserved secondary structure are indicated by shaded boxes Taken fi-om Domier et 
al., (2000). Arrows indicate deletions of the UTR described in the reference (Domier 
et al., 2000).
codons, it is also predicted to have complex secondary structure. All of these 
characteristics point towards the RhPV 5’ UTR containing an 1RES element. Unlike 
picornavirus UTRs, the RhPV 5’ UTR does not contain a polypyrimidine tract.
1.27 Utility of 1RES elements in biotechnology
A great deal of research is currently underway on the 1RES elements of a number of 
different virus and cellular mRNAs. Identification of mRNAs that possess 1RES 
elements, and knowledge of how they function, is very useful in determining the 
intricacies of vims and cellular translation initiation and regulation. However, this is 
not the only motivation, as 1RES elements have the potential to be a very useful tool 
in biotechnology.
1.27.1 Use of 1RES elements in transgenesis
In most situations where transgenesis is used, there is a requirement to co-express a 
selectable marker, a cell-surface antigen or a reporter gene alongside the protein of 
interest. In this way, the process of transgenesis can be monitored. In gene therapy 
for example, a counter-selectable marker, or a tumour suicide gene, could be co­
expressed with the protein of interest to act as an additional safety measure. Should a 
problem occur, the genetically manipulated cells could be eliminated using the 
marker (Mountford and Smith, 1995; Pizzato et al., 1998; Martinez-Salas, 1999). 
Bicistronic constmcts in which the first cistron is translated by a cap-dependent 
mechanism and the translation of the second cistron is mediated by an 1RES element 
have been used in a number of experiments in a variety of systems ranging from
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cultured cells to transgenic animals. One such example of this is in a retro vims 
vector (Sugimoto et ah, 1994). The retrovirus vector contained an EMCV 1RES 
element to link together expression of the multidmg resistance gene MDRl, with the 
gene encoding Herpes simplex virus thymidine kinase. In this way, the manipulated 
cells expressed thymidine kinase. In the event these cells become deregulated, they 
can be selected against using the nucleoside analogue gancyclovir (Sugimoto et ah, 
1994).
Retrovirus vectors are useful as they are able to integrate into the chromosomes of 
proliferating cells of the host. Herpes virus vectors are useful when transgenesis is 
being attempted in resting host cells. Another type of vector, the adenovirus- 
associated vectors (AAVs) are also used as they not only have no infectious cycle, 
but also are very stable on integration into the host genome (reviewed in Martinez- 
Salas, 1999). 1RES elements have been used to co-express proteins in all of these 
different vector types (Sugimoto et ah, 1994; Fan et ah, 1998; Wagstaff et ah, 1998). 
By using an 1RES element in this system, both proteins are produced from a single 
transcription unit, and the coupling of the marker with the protein of interest allows 
selective pressure to be maintained for expression of the desired cDNA (Mountford 
and Smith, 1995). Use of 1RES elements has been shown to increase the number of 
cells expressing both the marker and the protein of interest to over 90 %, so 
improving the efficiency of selection during the process of transgenesis (Gallardo et 
ah, 1997). Without 1RES elements, co-expression of a marker with the protein of 
interest is achieved either by co-transfecting cells with two separate constructs, or, by 
using a single vector containing two discrete expression cassettes (Mountford and 
Smith, 1995). However, neither option is particularly effective as co-expression is
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not very efficient, and the construction of a single vector encompassing two 
expression cassettes is complicated, resulting in unreliable and/or low expression of 
the non-selectable protein (Mountford and Smith, 1995).
1. 28 Project outline
Insect vims 1RES elements are generating a great deal of interest with regards to 
their potential in protein expression systems. As mentioned above, the mammalian 
picornavirus 1RES elements that have been used in expression systems, are only able 
to function in mammalian systems. There has been no opportunity to use an 1RES 
element that is able to function efficiently within insect or plant systems. At the start 
of this project, no 1RES element had been reported to function in all of these systems. 
During this project, it was shown that the ERES elements of the Cricket paralysis-like 
viruses were able to function in mammalian, insect and plant in vitro systems 
(Domier et al., 2000; Wilson et al., 2000). The aims of this project were to:
I) Analyse the RhPV 5’ UTR for potential 1RES activity (Chapter 3).
II) Investigate the cell tropism of RhPV 5’ 1RES (Chapter 4).
III) Determine the effect of mutational analysis on RhPV 5’ 1RES activity (Chapter 
5).
IV) Compare the 5’ 1RES activity of RhPV to other insect picorna-like virus 1RES 
elements (Chapter 6).
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Chapter 2
General Methods
specific methods relating to a particular study are found in subsequent chapters. 
Details of buffers and solutions are in Appendix 1.
2.1 Agarose gel electrophoresis
Agarose (1.2 % w/v; Sigma) gels containing ethidium bromide (10 mg/ml) made 
with 1 X TBE buffer (Appendix I) were used. Samples were loaded in 2 x TBE 
sample buffer (Appendix 1). The gels were run at 125 V in 1 x TBE buffer.
2.2 Restriction enzyme digestion
Analytical digests were carried out in a final volume of 20 pi. Reactions consisted of 
plasmid DNA (1 pg), 2 pi restriction enzyme buffer (10 x; Promega or New England 
Biolabs) and 10 units restriction enzyme (Promega or New England Biolabs). The 
volume was made up to 20 pi with autoclaved water. Restriction digests were 
incubated at 37 °C for 2 h and analysed by agarose gel electrophoresis (Section 2.1). 
Digests in a final volume of 50 pi were performed when fragments were required for 
subsequent cloning steps. In these reactions, 10 pg of plasmid DNA was used.
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2.3 Dephosphorylating digested plasmid DNA
Calf intestinal alkaline phosphatase (2 units; Boehringer Mannheim) was added 
directly to restriction digests and incubated at 37 °C for 30 min. The reaction was 
stopped by incubation on ice for 5 min.
2.4 Purification of DNA by gel extraction
DNA was electrophoresed through agarose gels as described in Section 2.1. The 
bands were excised and the DNA extracted using the QIAquick gel extraction kit 
(Qiagen) following the manufacturers instructions.
2.5 Purification of PCR DNA
DNA from PCR was purified using the QIAquick® PCR purification kit (Promega) 
as described in the manufacturers instructions.
2.6 Ligations
Ligation reactions into the pGEM-CAT/LUC plasmid (described in van der Velden 
et al., 1995) were performed in a final volume of 20 pi, consisting of 100 ng digested 
and purified vector, 200 ng purified insert, 2 pi T4 DNA ligase buffer (10 x; 
Promega) and T4 DNA ligase (2 units; Promega). The volume was made up to 20 pi 
with autoclaved water. Ligation reactions were incubated at 16 °C o/n. Ligation 
reactions into the pGEM-T Easy plasmid (Promega) were also performed in a final
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volume of 20 pl. These reactions consisted of 50 ng pGEM-Teasy vector, 100 ng 
purified insert, 2 pi T4 DNA ligase buffer (2 x; Promega) and T4 DNA ligase (3 
units; Promega). The volume was made up to 20 pi with autoclaved water. Ligation 
reactions were incubated at 16 °C o/n. Ligation reactions into the TOPO plasmid 
(TOPO TA Cloning Kit; Invitrogen) were performed in a final volume of 6 pi, 
consisting of 50 ng purified insert, 1 pi salt solution (1.2 M NaCL, 0.06 M MgCL), 1 
pi pCR®II-TOPO vector and 2 pi autoclaved water. The ligation reactions were 
incubated at RT for 20 min.
2.7 Transformation of competent E. coli
Plasmid DNA (1 pi) or ligation reaction (5 pi) was combined with 50 pi competent 
E.coli DH5a cells and incubated on ice for 30 min. The bacteria were heat-shocked 
at 42 °C for 45 sec then incubated on ice for 5 min to recover. LB broth (200 pi; 
Appendix 1) was added and the bacteria incubated at 37 °C for 1 h then spread onto 
LB agar plates containing ampicillin (25 mg/ml). Following transformation of a 
ligation reaction between an insert and the pGEM-T Easy vector LB/ampicillin plates 
also contained X-gal (20 %) and IPTG (0.1 M). Colonies containing an insert result 
in the inactivation of the a  peptide coding region for (3-galactosidase within the 
pGEM-T Easy vector. This allows recombinant clones to be identified by colour 
selection, as white vs blue colonies are formed.
The next day colonies were picked, grown overnight in LB broth/ampicillin (25 
mg/ml) and small scale plasmid purification performed (Section 2.8). Colonies were 
screened for constructs containing the insert in the correct orientation by restriction 
enzyme digestion (Section 2.2). Alternatively, after the transformation reaction, the
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bacteria were added to 500 ml LB broth/ampicillin in a 1 litre flask and grown at 37 
°C o/n ready to perform a large scale plasmid purification the next day.
2.8 Small scale plasmid purification (plasmid miniprep)
From the prepared overnight cultures, 1.5 ml of the bacterial cells were pelleted at 
8000 rpm for 1 min. The pellets were re-suspended in 100 pi re-suspension solution 
(Appendix 1). The cells were lysed by adding 200 pi lysis solution (Appendix 1), 
150 pi neutralisation solution (Appendix 1) was immediately added and the samples 
cooled on ice for 5 min after which time they were spun at 14000 rpm for 5 min. The 
supernatants were transferred to new eppendorfs and the plasmid DNA 
phenol/chloroform extracted and ethanol precipitated. The DNA pellets were re­
suspended in 20 pi TE/RNase solution (20:1, using 2 mg/ml RNase stock; Appendix 
1). To check the orientation of any inserts, restriction enzyme digests were 
performed.
2.9 Large scale plasmid purification (plasmid maxiprep)
Plasmid DNA was purified using a Plasmid Maxi Kit (Qiagen) according to the 
manufacturers instructions.
2.10 Sequencing plasmid DNA
DNA (800 ng) was added to a specific sequencing primer (100 pmol; Sigma Genosys 
Ltd; Table 2.1) and the volume made up to 12 pi with autoclaved water. DNA was
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Primer name Primer sequence (5’-3’)
LUC CGGTTCCATCCTCTGA
RREV374 ACGGATCCTTGTTACGCAACTAG
Table 2.1 Primers (5’-3’) used to sequence plasmid DNA.
100 pmol of the primer was used per sequencing reaction along with 800 ng DNA and 
the volume made up to 12 pi with autoclaved water as stated in Section 2.10. DNA 
was sequenced in a 373A DNA sequencer (Applied Biosystems). Primer LUC is 
complementary to a 5’ section of LUC coding sequence while primer RREV374 is 
complementary to the RhPV 5’ UTR sequence at nucleotides 359 to 374.
sequenced in a 373A DNA sequencer (Applied Biosystems) using the micro 
sequencing service within the School of Biomedical and Life Sciences, University of 
Surrey.
2.11 Reverse transcription reactions
RhPV (gift from Brenda Ball, BBSRC Rothhampstead) and APV (Dr Frank Van der 
Wilk, Research Institute for Plant Protection, Wageningen, Netherlands) RNA (5 pi), 
was mixed with 1.5 pi random primers (50 ng/ml; Promega) and 5.5 pi autoclaved 
water and heated for 5 min at 70 °C, followed by incubation at RT for 10 min. This 
reaction was mixed with 4 pi 1st strand buffer (5 x; GibcoBRL), 0.5 pi BSA (5 
mg/ml), 1 pi dNTPs (10 inM; Promega), 2 pi dithiothreitol, 30 x reducing agent (0.1 
M DTT; New England Biolabs) and 1 pi Reverse Transcriptase (200 u/pl; 
GibcoBRL). The reaction was incubated at RT for 5 min followed by 45 min at 37 
°C. PCR was performed on the cDNA (see Sections 5.2.1, 5.2.2 and 6.2 for 
conditions).
2.12 SDS PAGE
Unless otherwise stated, ^^S-labelled products were run on acrylamide gels (12 %; 
Laemmli, 1970; see Appendix 1 for solutions). Gels were run at 250 V then stained 
with Coomassie blue stain (Appendix 1), destained and dried using a model 583 gel 
dryer (BioRad) for 2 h. Dried gels were exposed to Fuji medical X-ray film (New 
England BioLabs) at RT.
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2.13 Coupled transcription and translation in rabbit reticulocyte lysate system
Plasmid DNA (2 pg; pGEM-based; optimal DNA concentration for system) 
containing a T7 RNA polymerase promoter was combined with 6.5 pi of TNT T7 
Quick master mix (Promega) and 0.5 pi Redivue -labelled methionine (500 pCi; 
Amersham). The total reaction volume was made up to 10 pi with nuclease free 
water and incubated at 30 °C for 40 min. After incubation, 4 pi sample was analysed 
by SDS-PAGE and autoradiography (Section 2.12) and luciferase (LUC) assay 
(Section 2.28).
2.14 Coupled transcription and translation in wheat germ system
Plasmid DNA (1 pg; pGEM-based; optimal DNA concentration for system) 
containing a T7 RNA polymerase promoter was included in a total reaction volume 
of 25 pi consisting of 12.5 pi TNT® wheat germ extract (Promega), 1 pi TNT® 
reaction buffer (Promega), 0.5 pi TNT® T7 RNA polymerase (Promega), 0.5 pi 
amino acid mixture minus methionine (1 mM; Promega), 0.5 pi Rnasin® 
ribonuclease inhibitor (40 u/pl; Promega) and 1 pi Redivue ^^S-labelled methionine. 
The volume was made up to 25 pi with nuclease free water as stated in the 
manufacturers instructions. The samples were incubated at 30 °C for 90 min and 
analysed by SDS-PAGE and autoradiography (Section 2.12) and by LUC assay 
(Section 2.28).
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2.15 Preparation of uncapped RNA transcripts
Plasmid DNA was linearised with Xho I restriction enzyme (Promega; Section 2.2) 
in a 50 pi reaction to produce transcripts of the form CAT/IRES/LUC. The volume 
was made up to 100 pi with nuclease free water, the DNA purified by 
phenol/chloroform extraction and ethanol precipitation and re-suspended in a final 
volume of 50 pi.
Purified lineai' DNA (0.5 pg) was combined with 5 pi transcription buffer (5 x; 
Appendix 1), 2.5 pi DTT (100 mM), 5 pi iNTP mixture (2.5 mM; Promega) and 0.5 
pi RNasin. The volume was made up to 25 pi with nuclease free water, T7 RNA 
polymerase (10 units; Epicentre) was added, and the reaction incubated at 37 °C for 1 
h. The concentration and purity of the transcripts were determined by spectral 
analysis at 260 and 280 nm using a UV 1101 Biotech Photometer and agarose gel 
electrophoresis.
2.16 Preparation of capped RNA transcripts
Plasmid DNA was linearised and extracted as described in Section 2.15. Purified 
linear DNA (0.5 pg) was combined with 4 pi Cap-scribe buffer (5 x; Boehringer 
Mannheim) and 2 pi T7 RNA polymerase (20 units/pl; Boehringer Mannheim) and 
the volume made up to 20 pi with nuclease free water. Reactions were incubated at 
37 °C for 1 h then on ice for 5 min to stop the reaction. The concentration and purity 
of the transcripts were determined by spectral analysis at 260 and 280 nm and 
agarose gel electrophoresis.
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2.17 Translation of transcripts in the rabbit reticulocyte lysate system
In vitro derived mRNA transcripts (Section 2.15) were translated in a rabbit 
reticulocyte lysate system (Promega). RNA (1 pg) was added to a 25 pi reaction 
containing 17.5 pi rabbit reticulocyte lysate (Promega), 0.5 pi amino acid mixture 
minus methionine (ImM), 1 pi Redivue ^^S-labelled methionine and 0.5 pi RNasin. 
The volume was made up to 25 pi with nuclease free water. The reaction was 
incubated at 30 °C for 90 min as described in the manufacturers instructions. The 
samples were analysed by SDS-PAGE and autoradiography (Section 2.12) and by 
LUC assay (Section 2.28).
2.18 Translation of transcripts in the Drosophila translation system
Drosophila embryo extracts were programmed with capped RNA transcripts (15 ng) 
as described in Gebauer et al., (1999), without the addition of spermidine and DTT, 
In brief, the RNA (15 ng) was added to a master mix containing amino acids (2 mM; 
Promega), creatine phosphate (1 M; Sigma), creatine kinase (10 pg/pl; Sigma), 
HEPES pH 7.4 (1 M; Sigma), Mg(OAc) (0.6 mM; BDH), and KOAc (80 mM; 
BDH). To the RNA/master mix, calf liver tRNA (4 pg/pl; Sigma) was added and 4 
pi Drosophila embryo extract (gift from Fatima Gebauer, EMBL, Heidelberg). The 
reaction was incubated at 25 °C for 90 min after which time chloramphenicol 
acetyltransferase (CAT) and LUC assays were performed (Sections 2.27 and 2.28).
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2.19 RNA Electrophoresis and Northern blotting
RNA (1.5 pg; uncapped mRNA transcripts of the form CAT/IRES/LUC; Section 
2.15) in MOPS sample buffer (10 x; Appendix 1) was loaded onto a formaldehyde- 
agarose gel (1.5 %; Appendix 1) and run in MOPS (1 x) at 25 mA. The gel was 
rinsed in diethyl pyrocarbonate (DEPC; Appendix 1) treated water and soaked in 
SSC (20 x; Appendix 1) for 45 min. A northern blot was set up (Sambrook et al., 
1989) to transfer the RNA to a nitrocellulose membrane (Boehringer Mannheim) o/n. 
Following blotting, the RNA was UV-crosslinked to the nitrocellulose membrane 
using the autocrosslink function on a UV Stratalinker™ 1800 (1200 pJoules x 100; 
Stratagene). The membrane was hybridised to a [^ ^P] dCTP labelled LUC probe 
(Sections 2.20 and 2.21).
2.20 Preparation and purification of the probe for Northern blotting
The probe for LUC was prepared from a Luciferase T7 control DNA obtained from 
the TNT rabbit reticulocyte lysate kit (Promega). The LUC sequence was excised 
with the restriction enzymes H M  III and Sac I (Promega) and gel extracted (Section 
2.4). LUC DNA (50 ng) was labelled with [a ^¥]-dCTP (1.85 MBq; Amersham) 
using the Ready-To-Go™ DNA Labelling Beads (-dCTP; Amersham Pharmacia 
Biotech) as stated in the manufacturers instructions. Briefly, LUC DNA (50 pg) was 
dissolved in 45 pi TE and heated at 100 °C for 3 min and cooled on ice for 2 min. 
The DNA was added to the beads along with 5 pi PJ-dCTP and all three mixed 
by gentle pipetting. The reaction was incubated at 37 °C for 45 min. Following
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incubation, the reaction was heated at 100 °C for 3 min and 12.5 pi fresh NaOH (1 
N) added and incubated at 37 °C for 10 min. Tris pH 7.6 (12.5 pi; 1 M) and 10 pi 
HCl (1 M) were added.
The probe was purified using ProbeQuant™ G-50 micro columns (Amersham 
Pharmacia Biotech), following the manufacturers instructions. The columns were 
prepared by inverting 4 times and the bottoms snapped off. The columns were spun 
at 3000 rpm for 1 min in an eppendorf benchtop centrifuge. The probe was added to 
the centre of the gel and spun at 3000 rpm for 2 min and the purified probe collected 
in a new eppendorf tube. The purified probe was denatured at 100 °C for 3 min 
before use.
2.21 Hybridisation of tbe luciferase probe to tbe nitrocellulose membrane
The nitrocellulose membrane was pre-hybridised in PerfectHyb'' '^  ^ Plus hybridisation 
buffer (Sigma) for 10 min at 68 °C, after which time the denatured probe was added 
and incubated with the membrane at 68 °C for 3 h. The blots were washed in low 
stringency wash buffer (2 x SSC. 0.1 % SDS) for 5 min at RT followed by washing 
twice in high stringency wash buffer (0.5 x SSC, 0.1 % SDS) for 20 min at 68 °C per 
wash. The blots were wrapped in Saran wrap and exposed to Fuji medical X-ray film 
a t-70 °C.
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2.22 Maintenance of cell lines
2.22.1 Maintenance of mammalian cell lines
Human HeLa and HTK-143 cells were grown in vented 75 cm^ cell culture flasks in 
Dulbeccos Modified Eagles Media (DMEM; GibcoBRL) supplemented with foetal 
bovine semm (10 % FBS; GibcoBRL), penicillin/streptomycin (5,000 units/ml 
penicillin G sodium; 5,000 pg/ml streptomycin sulfate in 0.85 % saline; GibcoBRL) 
and L-glutamine (2 mM; GibcoBRL).
Rabbit kidney (RK-13) cells were grown in vented 75 cm  ^ cell culture flasks in 
Modified Eagles Media with Earle’s salts (EMEM; GibcoBRL) supplemented with 
FBS (10 %), L-glutamine (2 mM), penicillin/streptomycin (5,000 units/ml penicillin 
G sodium; 5,000 jig/ml streptomycin sulfate in 0.85 % saline) and non-essential 
amino acids (1 %; GibcoBRL).
Baby hamster kidney (BHK) cells were grown in vented 75 cm^ cell culture flasks in 
Glasgows MEM (GMEM; GibcoBRL) supplemented with FBS (10 %), tryptose 
phosphate broth (10 %; GibcoBRL), and penicillin/streptomycin (5,000 units/ml 
penicillin G sodium; 5,000 pg/ml streptomycin sulfate in 0.85 % saline).
Cells were incubated at 37 °C with carbon dioxide (5 %) in a LEEC incubator.
2.22.2 Maintenance of insect cell line
Insect ^21 {Spodoptera frugiperdd) cells were grown in 75 cm^ unvented cell culture 
flasks in TClOO media (GibcoBRL) supplemented with FBS (11 %),
penicillin/streptomycin (5,000 units/ml penicillin G sodium; 5,000 pg/ml
1 0 1
streptomycin sulfate in 0,85 % saline) and L-glutamine (2 mM). Insect cells were 
incubated at 28 °C in a Vindon incubator.
2.23 Preparation of cell monolayers for transfection procedure 
2.23.1 Preparation of mammalian cell lines
To obtain confluent mammalian cell monolayers for transfection, the growth media 
(Section 2.22.1) was removed and the monolayer washed with 5 ml warm versene- 
trypsin (100 ml [1:5000] versene in 10 ml [2.5 % 1:250] trypsin; GibcoBRL). This 
was removed and 3 ml versene-trypsin added and left until the cells detached from 
the bottom of the flask. Growth media (5 ml) was added to remove the cells, which 
were pelleted for 3 min at 2000 rpm in a Centurion Centrifuge. The cell pellet was 
re-suspended in 15 ml media and 1 ml was used to seed each 35 mm tissue culture 
dish (Iwaki). A further 1 ml media was added to each dish, and the cells incubated at 
37 °C o/n.
2.23.2 Preparation of insect cell lines
To obtain confluent insect cell monolayers, the growth media (Section 2.22.2) was 
removed and the cells dislodged by adding sterile glass beads (Fisher) to the 
monolayer and rocking the flask. The cells were removed in 7.5 ml media and 0.5 ml 
used to seed each 55 mm tissue culture dish (NUNC). Media (3.5 ml) was added to 
each dish and the cells incubated at 28 °C o/n.
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2.24 Production of recombinant T7 RNA polymerase expressing viruses
Recombinant viruses expressing T7 RNA polymerase were used in the transient 
expression system in insect and mammalian cells. For the mammalian cells, a 
recombinant vaccinia virus (vTF7-3; Fuerst et al., 1986) was used, whilst for the 
insect cells a recombinant baculovirus AcMNPV/T7N (ACT7N; van Poelwyk et al., 
1995; kindly donated by Prof. J. Vlak, Agricultural University, Wageningen, 
Netherlands) was used.
2.24.1. Vaccinia virus vTF7-3
Vaccinia virus vTF7-3 stock was prepared by infecting a confluent 175cm^ tissue 
culture flask of HTK-143 cells with 500 pi virus stock in 25 ml DMEM (+ HEPES) 
for 1 h. A further 50 ml media was added and the cells incubated at 37 °C for 48 h. 
The cells were freeze-thawed three times and aliquots stored at -20 °C. The optimum 
volume of virus for use in the transfection procedure was determined by using a 
range of volumes of the virus in the transient expression system (using the pGEM- 
CAT/RhPVs/LUC plasmid; Section 2.25). The volume giving the highest LUC 
reading in the LUC assay (Section 2.28) was used.
2.24.2 Baculovirus ACT7N
Baculovirus ACT7N stock was prepared by infecting a 75 cm^ flask of S fll  cells 
with 200 pi virus in 5 ml media at room temperature for 1 h. Media (7 ml) was added 
and the cells incubated at 28 °C for 4 days. Cells still attached to the flask were
103
dislodged and poured into a plastic universal. The cells were centrifuged at 2000 rpm 
for 2 min and the supernatant containing the virus was transferred to a new universal 
and stored at 4 °C. The optimum volume for use in transfections was determined by 
using a range of volumes of the virus in the transient expression system (Section 
2.26). The volume giving the highest LUC reading in the LUC assay (Section 2.28) 
was used.
2.25 Transfection of DNA into mammalian cells
HeLa, TK-143, BHK and RK-13 cells in 35 mm tissue culture dishes were used in 
these experiments (Section 2.23.1). To an 80 % confluent monolayer, 40 pi vTF7-3 
was added and left for 1 h at 37 °C. Per 35 mm tissue culture dish, 15 pi lipofectin 
reagent (1 mg/ml GibcoBRL) was combined with 285 pi optimem (GibcoBRL) and 
incubated at RT for 30 min. Plasmid DNA (5 pg) in 200 pi autoclaved water was 
added to lipofectin/optimem and incubated at RT for 15 min. The inoculum was 
removed from the cells and the cells washed with 1 ml serum free media. The 
DNA/lipofectin/optimem was added to the cells, which were incubated for 5 h at 37 
°C. Growth media (containing antibiotics and serum; Section 2.22.1) was added to 
each dish and the cells incubated at 37 °C o/n. The cells were harvested in 400 pi cell 
lysis buffer (Promega) and spun at 14,000 rpm for 5 min at 4 °C. CAT and LUC 
assays were performed (Sections 2.27 and 2.28).
Cotransfections with the plasmid pAA802 (gift from A. Kaminski, University of 
Cambridge; Kaminski et al., 1990) which expresses the PV 2A  protease were also
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performed. The same protocol was followed with the exception that pAA802 (1 pg ) 
was also co-transfected into the cells.
2.26 Transfection of DNA into insect cells
5^1 cells grown in 55 mm tissue culture dishes were used in these experiments 
(Section 2.23.2). To a 60 % confluent monolayer, 50 pi ACT7N was added and left 
for 4 h at RT with constant rocking. Per 35 mm tissue culture dish, 20 pi lipofectin 
reagent (1 mg/ml GibcoBRL) was combined with 80 pi TCI00 (serum free) and 
incubated at RT for 30 min. Plasmid DNA (5 pg) in 100 pi autoclaved water was 
added to lipofectin/TC 100 and incubated at RT for 15 min. The inoculum was 
removed from the cells and the cells washed with 1 ml serum free media. The 
DNA/lipofectin/TC 100 was added to the cells along with a further 1.8 ml TCI00 
(serum free), which were incubated for 5 h at 28 °C. The transfection media was 
removed and replaced with growth media (10ml; TClOO containing antibiotics, 
glutamine and serum; Section 2.22.2), and left for 48 h at 28 °C. The cells were 
harvested as described in Section 2.25 and CAT and LUC assays performed 
(Sections 2.27 and 2.28).
2.27 Chloramphenicol acetyltransferase (CAT) assay
Cell extracts from transient expression of cells were combined with sample buffer 
from the CAT ELISA kit (Boehringer Mannheim) and the CAT expression 
determined as stated in the manufacturers instructions. Insect cell lysates (10 pi;
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Section 2.26) were combined with 190 pi sample buffer, whilst 2 pi of mammalian 
cell lysates (1/100 dilution; Section 2.25), were combined with 198 pi sample buffer 
due to high CAT expression. Drosophila translation reaction samples (8 pi; Section 
2.18) were combined with 192 pi sample buffer. The manufacturers instructions 
were then followed. In brief, the cell extracts in sample buffer (total volume 200 pi) 
were added to wells pre-coated with antibodies to CAT (anti-CAT). The wells were 
covered and incubated at 37 °C for 1 h, after which time the wells were rinsed using 
the kit washing buffer. After washing, 200 pi of a digoxigenin-labelled antibody to 
CAT (anti-CAT-DIG; 2 pg/ml) was added to each well, covered and incubated at 37 
°C for 1 h. The wells were rinsed as before and 200 pi of an antibody to digoxigenin 
conjugated to peroxidase (anti-DIG-POD; 20u/ml) was added to each well and 
incubated at 37 °C for 1 h and rinsed again as before. Following the final wash, 200 
pi peroxidase substrate ABTS® (POD substrate ready-to-go-solution) was added to 
each well and incubated at RT for 5 to 10 min for colour to develop. The samples 
were assayed along with CAT enzyme standards at concentrations of 0, 0.125, 0.25, 
0.5 and 1 ng/ml. The colour development was measured on an ELISA plate reader 
(Labsystems Multiscan® BICHROMATIC) at 405 nm. \
2.28 Luciferase (LUC) assay
LUC assays were performed on the in vitro TNT and in vitro translation reactions, 2 
pi of the TNT reactions and Drosophila translation reactions were added to 100 pi 
LUC assay substrate (Promega) and the luminescence measured with a Bio-orbit 
luminometer (Labtech). To perform the LUC assay on samples from the transient
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expression of DNA into mammalian and insect cells (Sections 2.25 and 2.26), 10 pi 
cell lysate was added to 100 pi LUC assay substrate and the luminescence measured 
as above.
The gels and graphical representations of CAT and LUC expression show one 
experiment, the results of which are representative of further repeats of these 
experiments (at least 3 per experiment). Quantitation of the data refers to LUC assay 
results and comparison of LUC assay results of the different plamsids tested. 
Numerical LUC and CAT assay data shown in the subsequent chapters have not been 
subjected to statistical analysis.
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Chapter 3
Analysis of the RhPV 5’ UTR 
3.1 Introduction
Cricket paralysis-like viruses have a bicistronic genome. The upstream ORF encodes 
the non-structural proteins whilst the downstream ORF encodes the stmctural 
proteins (Czibener et al., 2000; Johnson and Christian, 1998; Moon et al., 1998, 
Nakashima et al., 1999). The 5’ UTR is large (generally around 500 nucleotides in 
length), and the two ORFs are separated by a non-coding intergenic region, which 
can also be over 500 nucleotides long. The Cricket paralysis-like viruses are thought 
to have 1RES elements in both the 5’ and IGR UTRs. This has been proven in the 
case of CrPV where both UTRs have been shown to contain 1RES elements that 
function in Drosophila SL2 cells and in the RRL in vitro translation system. In 
addition, the CrPV IGR 1RES element, has been shown to function in the wheat germ 
in vitro translation system, and in yeast (Wilson et al., 2000; Thompson et al., 2001). 
There has been no published evidence that the other Cricket paralysis-like viruses 
contain 1RES elements in their 5’ UTRs. However research has recently shown that 
the PSrV IGR and RhPV IGR contain 1RES elements, both of which function in the 
in vitro RRL translation system (Domier et al., 2000; Sasaki and Nakashima, 2000). 
The 579 nucleotide Rhopalosiphum padi virus (RhPV) 5’ UTR is uncapped and 
contains three AUG codons. Translation initiation of ORF 1 is believed to occur at 
the third AUG codon (AUG580; Moon et al., 1998). The RhPV 5’ UTR contains
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many stop codons and is predicted to have complex secondary structure. All of these 
aspects of the RhPV 5’ UTR would inhibit ribosomal scanning along the mRNA and 
suggest that the RhPV 5’ UTR contains an 1RES element. The aim of this study was 
to analyse potential 1RES activity in the RhPV 5’ UTR.
Methods
3.2 Construction of bicistronic plasmids
Nucleotides 1-624 of the RhPV genome, which encompass the entire 579 nucleotide 
5’ UTR together with 15 codons of viral coding sequence, were obtained by PCR and 
designed to include BamH I restriction enzyme sites at the 5’ and 3’ ends for cloning 
purposes (using the forward primer RFORl: 5’
ATAGGATCCGATAAAAGAACCTATCACACCG 3’ and the reverse primer 
RREV624: 5’ TATGGATCCTGCGTTGAACTGACTTTGGT 3’). The RhPV UTR 
was inserted into the BamH I cut and dephosphorylated bicistronic reporter plasmid 
pGEM-CAT/LUC in both the sense and anti-sense orientations. The RhPVs 
(Appendix 2) and RhPVas plasmids were both prepared by an undergraduate project 
student Nelli Stromsten.
The well established EMCV 1RES was also inserted into the pGEM-CAT/LUC 
bicistronic construct. Nucleotides 277 to 834 were inserted into the pGEM- 
CAT/LUC bicistronic construct (van der Velden et al., 1995). The plasmids were 
assayed for 1RES activity in a number of in vitro translation systems.
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3.3 Coupled transcription and translation in RRL system
Coupled transcription-translation reactions were performed on the pGEM - 
CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC and pGEM- 
CAT/RhPVas/LUC) plasmids as described in Section 2.13. Results were analysed by 
SDS-PAGE, autoradiography and LUC assay as described in Sections 2.12 and 2.28.
3.4 Coupled transcription and translation in wheat germ system
Coupled transcription-translation reactions were performed on pGEM-CAT/LUC, 
pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC and pGEM- 
CAT/RhPVas/LUC) plasmids as described in Section 2.14. Results were analysed by 
SDS-PAGE, autoradiography and LUC assay as described in Sections 2.12 and 2.28.
3.5 RRL translation system
Uncapped mRNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVs/LUC, CAT/RhPVas/LUC and CAT/RhPVAl/LUC were prepared 
(Section 2.15) and translated in the rabbit reticulocyte lysate system as described in 
Section 2.17. Results were analysed by SDS-PAGE, autoradiography and LUC assay 
(Sections 2.12 and 2.28).
1 1 0
3.6 D rosophila  translation system
Capped RNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVs/LUC and CAT/RhPVas/LUC were prepared (Section 2.16), and used to 
programme Drosophila embryo extracts (Section 2.18). Results were analysed by 
CAT and LUC assays (Sections 2.27 and 2.28).
3.7 RNA Electrophoresis, Northern blotting and hybridisation to luciferase 
probe
Bicistronic constructs are a widely used and very useful method to determine 1RES 
activity. However, when taken alone, they are not above criticism or doubt and there 
is no way to ensure that the translation observed is actually due to internal initiation. 
Without further RNA analysis it is entirely possible that the translation observed is a 
result of, for example, a promoter element in the sequence being tested, splicing, or 
the production of subgenomic RNA (Kozak, 2001). Therefore, additional RNA 
analysis of the sequence containing the putative 1RES is recommended to ensure the 
presence of an 1RES element. Uncapped mRNA transcripts of the form CAT/LUC, 
CAT/RhPVs/LUC, CAT/RhPVas/LUC and CAT/RhPVAl/LUC (Section 2.15) were 
run on formaldehyde-agarose gels and transferred onto nitrocellulose membranes 
(Section 2.19). The Northern blots were probed with a LUC probe and results 
analysed by autoradiography (Sections 2.20 and 2.21). The bicistronic constructs 
were run alongside a monocistronic uncapped LUC transcript as a size marker. To 
prepare this transcript, LUC T7 control DNA from the TNT rabbit reticulocyte lysate 
kit (Promega) was taken and the LUC sequence excised with the restriction enzymes
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Hinà III and Sac I (Promega), and gel extracted (Section 2.4). A transcript of the 
LUC DNA under the control of a T7 promoter was prepared as in Section 2.15.
Results
3.8 The RhPV 5* UTR contains an 1RES element.
The entire 579 nucleotides of the RhPV 5’ UTR, along with 15 codons of virus 
coding sequence from ORFl (nucleotides 1-624; RhPVs) were inserted into the 
bicistronic reporter plasmid pGEM-CAT/LUC between the reporter genes 
chloramphenicol acetyl transferase (CAT) and luciferase (LUC). A second 
bicistronic construct was prepared which contained the identical RhPV sequence but 
inserted in the opposite (antisense) direction (RhPVas). The activities of each 
plasmid were assessed initially in the in vitro RRL coupled transcription-translation 
(TNT) system. The well-characterised 1RES element of the picornavirus EMCV 
(plasmid pGEM-CAT/EMCV/LUC termed EMC), was used as a positive control and 
the empty plasmid lacking any 1RES element (pGEM-CAT/LUC) used as a negative 
control.
All of the bicistronic constructs induced efficient CAT expression in the RRL TNT 
system (Figure 3.1). Reactions containing the RhPVs and EMC constmcts also 
produced high levels of LUC expression (Figure 3.1). LUC enzyme activity from 
plasmid RhPVs was measured at about 20 to 30 % that observed with the EMCV
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Figure 3.1 The RhPV 5’ UTR displays 1RES activity in the in vitro RRL TNT 
system.
Plasmids encoding bicistronic mRNAs containing the indicated virus sequences were 
analysed using the in vitro RRL TNT system (Section 2.13). Samples were analysed 
by SDS-PAGE and autoradiography (Section 2.12). 1RES containing plasmids are 
indicated by the name of the 1RES insert. Results shown are representative of three 
separate experiments.
IRES (data not shown). In its anti-sense orientation, the LUC activity was in line 
with that of the pGEM-CAT/LUC negative control (Figure 3.1).
The RhPV sequence was also tested in an alternative bicistronic construct between 
the reporter genes GUS and HOOK (Robertson et al., 1999). Efficient expression of 
the HOOK protein was achieved when the RhPV sequence was in the sense (Figure 
3.2) but not anti-sense orientation. These results suggested that the LUC expression 
seen from the RhPVs constmct was due to an 1RES element present in the RhPV 5’ 
UTR and not due to background activity of the reporter plasmid.
Further confirmation that the RhPV 5’ UTR contains 1RES activity was obtained 
using mRNA translational analysis. To ensure the RhPV 5’ UTR contained an 1RES 
element, RNA transcripts were prepared in vitro from linearised pGEM- 
CAT/IRES/LUC reporter plasmids and assayed in an in vitro RRL translation 
system. In addition to the plasmid RhPVs (nucleotides 1-624), a plasmid containing 
an insert of the 579 nucleotide 5’ UTR only, with no virus coding sequence 
(RhPVAl), was also included in these experiments. This would determine if the 
RhPV 5’ 1RES element requires virus coding sequence to optimise 1RES efficiency, 
as is believed to be the case for HCV (Reynolds et al., 1995).
All of the uncapped transcripts induced efficient CAT expression (Figure 3.3). The 
plasmids containing EMC and RhPVs sequences both directed translation of the 
LUC sequence, consistent with the result obtained in the RRL TNT system (Figure 
3.1). Deletion of the coding sequence from the RhPVs construct (RhPVAl) had no 
negative effect on the amount of LUC expressed in the RRL system. Quantitation of
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Figure 3.2 The RhPV 5’ UTR displays 1RES activity in vitro when inserted into 
a second reporter plasmid.
The RhPV 5’ UTR sequence was inserted into a second reporter plasmid 
(pGUS/HOOK) and analysed for 1RES activity in the in vitro RRL coupled 
transcription-translation system (Section 2.13). Samples were analysed by SDS- 
PAGE and autoradiography (Section 2.12). Results shown are representative of two 
separate experiments.
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Figure 3.3 The RhPV 5’ UTR displays 1RES activity in the in vitro RRL 
translation system.
In vitro derived transcripts (Section 2.15) containing the indicated virus sequences 
were analysed using the in vitro RRL translation system (Section 2.17), Samples 
were analysed by SDS-PAGE and autoradiography (Section 2.12). 1RES containing 
transcripts are indicated by the name of the 1RES insert. Results shown are 
representative of three separate experiments.
LUC expression showed that expression from the RhPVAl construct was greater 
than that from the RhPVs construct (see Section 5.9, Chapter 5). Note the faster 
migration of the LUC product produced from the RhPVAl construct (Figure 3.3). 
The LUC product of plasmid RhPVs was slightly bigger than the expected LUC 
protein product as a result of a fusion protein formed between the LUC and the first 
15 amino acids derived from RhPV ORF 1.
Thus we conclude that the RhPV 5’ UTR contains an 1RES element that is active in 
the RRL system. The RhPV 1RES element, like the picornavirus 1RES elements (but 
unlike the HCV 1RES element), does not appear to require virus coding sequence to 
optimise 1RES efficiency.
3.9 The RhPV 5’ 1RES functions efficiently in the wheat germ translation 
system.
RhPV is believed to make use of plants only as passive vehicles for the transmission 
of infection to other aphids, but the virus genome does have some similarity to that 
of the comoviruses, which actively replicate in plants (D’Arcy et al., 1981; Gildow 
and D’Arcy, 1990). Thus it is possible that the reported lack of RhPV replication in 
plant cells might be due to a failure of the 1RES to function in this environment. I 
therefore examined the ability of the RhPV 1RES to direct translation initiation in the 
wheat germ-based translation system. Reporter plasmids EMC, RhPVs and RhPVas 
were analysed in a wheat germ coupled T7 transcription-translation system. As 
expected, efficient expression of CAT was observed for all plasmids (Figure 3.4). 
The EMCV 1RES was totally inactive in this plant system and showed less LUC
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Figure 3.4 The RhPV 5’ UTR displays 1RES activity in the in vitro wheat germ 
coupled transcription-translation system.
Plasmids encoding bicistronic mRNAs containing the indicated virus sequences were 
analysed using the in vitro wheat germ based-coupled transcription-translation 
system (Section 2.14). Samples were analysed by SDS-PAGE and autoradiography 
(Section 2.12). 1RES containing plasmids are indicated by the name of the 1RES 
insert. Results shown are representative of three separate experiments.
expression than the pGEM-CAT/LUC control which lacked any 1RES element. 
However, LUC was efficiently expressed from the RhPVs contruct (17-fold above 
the control) and once again this expression was abrogated when the 5’ UTR was 
present in the antisense form (Figure 3.4). The CrPV IGR has also recently been 
reported to function in the wheat germ translation system (Wilson et al., 2000). 
However, my data contrast with the inactivity of the CrPV 5’ UTR in the wheat germ 
translation system reported by these authors.
3.10 The RhPV 5’ 1RES functions in Drosophila extracts.
RhPV infects only a narrow range of aphid species; host cell-dependent restriction of 
1RES function could be a possible contributor to the determination of host range, and 
therefore the ability of the RhPV 1RES to function in a Drosophila~hQ.'&^ in vitro 
translation system was examined (Gebauer et al., 1999). Capped transcripts were 
made in vitro using T7 RNA polymerase and translated in Drosophila lysates. On 
analysis of LUC expression, the EMCV 1RES was found to be very inefficient in this 
system (Figure 3.5 B). In contrast, the RhPV 5’ UTR directed LUC expression 
nearly 30-fold above the background expression obtained from the negative control 
plasmid (pGEM-CAT/LUC) and the EMCV 1RES (Figure 3.5 B). It should be noted 
that the level of LUC expression was about 10-fold lower in the Drosophila system 
than in the RRL translation system (the Drosophila extract is not treated with 
nuclease and hence contains cellular mRNAs, which compete with the 1RES 
elements for translation factors).
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Figure 3.5 The RhPV 5’ UTR displays 1RES activity in a Drosophila translation 
system.
Drosophila translation extracts were programmed with RNA transcripts of the form 
CAT-IRES-LUC. CAT expression was measured using a Boehringer Mannheim 
CAT ELISA kit, whilst LUC expression was measured using a Promega LUC assay 
kit (Sections 2.27 and 2.28). LUC and CAT expression observed from the EMCV 
1RES was set at 100. (A) CAT expression. (B) LUC expression. 1RES containing 
plasmids are indicated by the name of the 1RES insert. Results are representative of 
three separate experiments.
3.11 Northern analysis of RNA transcripts containing the RhPV 5’ UTR
To confirm the size and integrity of the uncapped bicistronic RNA transcripts 
generated by T7 RNA polymerase, the RNAs were analysed by electrophoresis on a 
formaldehyde-agarose gel, transferred to a nylon membrane, and probed with a [^^P]- 
labeled probe specific for the LUC sequence. A single species of RNA of the 
expected size was detected in each instance (Figure 3.6) indicating that the RhPV 
sequence did not contain a cryptic T7 promoter or induce RNA cleavage, which 
could have generated monocistronic LUC transcripts.
3.12 Discussion
The results presented here demonstrate that the RhPV 5’ UTR contains an 1RES 
element. This 1RES element functions efficiently in the RRL in vitro translation 
system, albeit displaying less activity than the well-studied EMCV 1RES element. 
However in addition, the RhPV 5’ UTR 1RES (RhPV 5’ 1RES) functions well in 
other systems in which the EMCV 1RES is essentially inactive. For example, the 
RhPV 1RES stimulated LUC expression in a Drosophila translation system about 30- 
fold more than the pGEM-CAT/LUC vector alone. The lack of EMCV 1RES activity 
in this system is in line with data from Finkelstein et al., (1999) who found that the 
EMCV 1RES was inefficient in directing internal initiation in a range of different 
insect cells. The data obtained with the RhPV 1RES in the Drosophila system are 
consistent with data recently reported for the CrPV 1RES elements (Wilson et al., 
2000). 1RES activity was reported for both the 5’ UTR and the IGR of CrPV in the 
RRL system and insect cells, although the IGR demonstrated higher activity than the
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Figure 3.6 Integrity of RNA transcripts containing the RhPV sequence.
In vitro derived RNA transcripts (Section 2.15) were analysed by formaldehyde- 
agarose gel electrophoresis, transferred to a nylon membrane and probed with a ^^P- 
labeled probe specific for the LUC sequence (Sections 2.19, 2.20 and 2.21). An 
autoradiograph is shown. The IRES-containing bicistronic transcripts are referred to 
by the name of the 1RES. Note the smaller product obtained from monocistronic 
pGEM-LUC (lane LUC).
5’ UTR. However, Wilson et al., (2000) reported that the 5’ UTR of CrPV was 
inactive in wheat germ extracts, although the CrPV IGR was active in this system. In 
contrast, the RhPY 5’ 1RES was shown here (Figure 3,4) to function very efficiently 
in the wheat germ translation system. Clearly, functional differences exist between 
the two virus genomes, and the RhPY 5’ UTR and IGR 1RES elements need to be 
compared in different translational systems. In addition, the ability of the RhPY 
1RES to function in the wheat germ-based translation system indicates that in vitro, 
the RhPY 1RES can function in a plant environment. This indicates that the reported 
inability of RhPY to replicate in plant cells is not a result of RhPY 1RES inability to 
function within a plant environment. These experiments have shown that the RhPY 
1RES does not require virus coding sequence for optimal activity. Deletion of the 
coding sequence (construct RhPYAl) moderately enhanced 1RES activity in the RRL 
system (Figure 3,3). The lack of requirement for the coding sequence is reminiscent 
of the picornaviruses but differentiates the RhPY 1RES from that of HCY, where 
about 30 nucleotides of the coding sequence is apparently required for optimal 1RES 
activity (Reynolds et al., 1995). In addition, construct RhPYAl also lacked the 
initiator AUG codon at position 588, and this construct was the most efficient in 
directing internal initiation. This finding supports the suggestion of Moon et al., 
(1998) that AUG 580 is the functional initiation codon; however it does not exclude 
the occasional use of AUG 588, as is seen in FMDY, where there are two initiation 
codons, both of which can be used to direct internal initiation of translation (Sanger 
et al., 1987; Belsham, 1992).
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Chapter 4
Investigation of the cell tropism of the RhPV 5’ 1RES
4.1 Introduction
Rhopalosiphum padi virus (RhPV) has been demonstrated to infect a narrow range of 
insect species (D’Arcy et aL, 1981; Gildow and D’Arcy, 1990), which includes R. 
padi, R. mfiabdominalis and Schizaphis graminum. Conversely, mammalian 
picornaviruses only grow in mammalian cell lines. One potential explanation for this 
limited host range is the requirement by the different 1RES elements for cellular 
trans-2icimg factors.
Work has been done on the picornavirus 1RES tropism in different cells (Borman et 
al., 1997; Roberts et al., 1998). Borman et al., (1997) looked at the efficiency of 
1RES elements type 1 to 3 in a number of mammalian cell lines by assaying 1RES 
activity following the transfection of T7 promoter dependent bicistronic DNA into 
cells that had been pre-infected with a recombinant vaccinia virus expressing the T7 
polymerase. They found that the activity of the three types of 1RES elements varied 
between the different cell lines in which they were tested. The type 3 picornavirus, 
HAY was found to be inactive in all of the cell lines in which it was tested (Borman 
et al., 1997), even in human hepatocytes (HepG2 cells; Borman et al., 1997). In 
human HeLa cells, the type 1 picornavirus, ECHO virus 1RES element was found to 
be the most active with the type 2 picornaviruses EMCY and FMDY exhibiting 60- 
80 % the activity of the ECHO virus 1RES. Other type 1 picornaviruses (PY and
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HRV) showed less efficient 1RES elements than their ECHO counterpart at 41-50 % 
of the ECHO virus 1RES activity (Borman et al., 1997). The 1RES elements were 
also tested in mouse and human neuronal cells (Neuro-2A and SKNBE cells), BHK 
cells, human hepatocyte (HepG2 cells) and monkey kidney (FRhK4) cells. The type 
2 picornaviruses EMCV and FMDV were found to be relatively efficient in all of 
these cell lines although there was some variation in efficiencies (for example 
EMCV 1RES was less active than FMDV 1RES in BHK and SKNBE cells but in 
FRhK4, HepG2 and HeLa cell lines the EMCV 1RES was as efficient as the FMDV 
1RES) whilst the 1RES elements of the type 1 picornaviruses PY, ECHO and HRY 
were able to function efficiently in the HeLa, HepG2 andFRhK4 cells but not in the 
non-primate BHK or Neuro-2A cell lines (Borman et al., 1997).
Co-expression of PY 2A protease was found to stimulate the activity of the type 1 
1RES elements in Neuro-2A cells to the extent that following co-expression with 2A, 
the activity of the type 1 1RES elements was comparable to that of the type 2 1RES 
elements. Co-expression of 2A with the type 2 and type 3 1RES elements had very 
little effect on the 1RES activity although in the case of the EMCY 1RES, it did 
increase the activity by about 1.5 fold (Borman et al., 1997). The HCY 1RES element 
was also tested in the same cell lines, and found to follow the same general pattern as 
the type 2 mammalian picornaviruses (Borman et al., 1997).
In a similar vein, Roberts et al., (1998) have shown that in human HTK-143 cells, 
both type one (PY, CB4 and HRY14) and type 2 (EMCY and FMDY) 1RES 
elements are able to function efficiently and that their activity is unaffected by co­
expression of either PY 2A protease or FMDY L protease (Roberts et al., 1998). In 
BHK cells, the 1RES elements exhibited varying efficiencies with the type 2 1RES 
elements again showing efficient 1RES activity while the type 1 1RES elements
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showed much lower levels of 1RES activity. The inefficient type 1 1RES activity in 
these cells was, however, stimulated by addition of PV 2A protease. Also, as 
described in Borman et al., (1997), co-expression of PV 2A had no effect on FMDY 
1RES activity. However it was seen to stimulate EMCY 1RES activity (Borman et al., 
1997; Roberts et al., 1998). This stimulation was also seen in normal rat kidney 
(NRK) cells where all of the 1RES elements functioned inefficiently. Addition of PY 
2A protease was again able to stimulate the 1RES activity for all but the HRY 14 
1RES element (Roberts et al., 1998).
The differences in 1RES activity displayed by the mammalian picornavirus 1RES 
elements in different cell lines indicates that the 1RES element may play an important 
role in virus/cell tropism, most likely as a result of a requirement for cellular 
proteins. With this in mind, the limited range of insect hosts of RhPY could be a 
result of the lack of cellular factors required for efficient 1RES function. To 
investigate this, the ability of the RhPY 1RES to function within a non-aphid insect 
cell line was compared to the ability of the 1RES to function in mammalian cells. The 
insect cell line S fll  derived from Spodoptem frugiperda was used as well as the 
mammalian cell lines, HTK-143 and RK-13, derived from human osteosarcoma cells 
and rabbit kidney cells respectively.
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Methods
4,2 Transfection of DNA into cells
Bicistronic reporter plasmid DNA of the form T7:CAT/IRES/LUC was transfected 
into cells using a T7-transient expression system. T7 RNA polymerase was 
expressed in the cells by prior infection with a recombinant virus expressing the T7 
RNA polymerase. In the insect cells, the recombinant baculovirus ACT7N (Section 
2,26; van Poelwijk et al., 1995) was used, whilst in the mammalian cells, a 
recombinant vaccinia virus, vTF7-3, was used (Section 2,25; Fuerst et al., 1986). 
Expression of CAT and LUC within the cells was analysed using cell extracts 
prepared in lysis buffer.
4,2,1 Transfection of DNA into mammalian cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC 
and pGEM-CAT/RhPVas/LUC, were transfected into HTK-143, HeLa, BHK and 
RK 13 cell lines as described in Section 2,25. After 20 h, cell extracts were made and 
analysed by CAT and LUC assays (Sections 2,27 and 2,28).
Co-transfection of the plasmid DNA encoding the bicistronic constructs alongside a 
plasmid expressing PV protease 2A (plasmid pAA802) was also carried out in HTK- 
143 cells (Section 2,25). After 20 h, cell extracts were made and analysed by CAT 
and LUC assays (Sections 2,27 and 2,28). To test for temperature sensitivity of the 
RhPV 1RES the transfection procedure in HTK-143 cells was repeated at 28 °C, and
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after 20 h, cell extracts were made and analysed by CAT and LUC assays (Sections 
2.27 and 2.28).
4.2.2 Transfection of DNA into insect cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC 
and pGEM-CAT/RhPVas/LUC, were transfected into the ^ 1  cell line as described 
in Section 2.26. After 48 h, cell extracts were made and analysed by CAT and LUC 
assays (Sections 2.27 and 2.28).
Results
4.3 The RhPV 5’ 1RES functions efficiently in insect S f l l  cells
The bicistronic plasmids of the form TV:CAT/IRES/LUC were transfected into insect 
S fll  cells using a TV-transient expression system. The CAT and LUC reporter gene 
expression was assayed.
In the insect .^ 1  cells, all of the constructs induced efficient CAT expression 
(Figure 4.1 A). The mammalian picornavirus EMCV 1RES was unable to direct 
LUC expression above that of the pGEM-CAT/LUC background within the S fll  
insect cell line (Figure 4.1 B). In contrast, the RhPV 5’ 1RES was able to direct LUC 
expression at a level 180 fold higher than that of the background LUC expression 
seen with pGEM-CAT/LUC and 250 fold higher than that of the EMCV 1RES 
(Figure 4,1 B).
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Figure 4.1 The RhPV 5’ UTR displays 1RES activity in insect non-aphid Sf2\ 
cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in insect non-aphid ,^ 1  cells (Section 2.26). Cell extracts 
were assayed for CAT expression using a Boehringer Mannheim CAT ELISA kit, 
and LUC expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC 
and CAT expression of EMC were set at 100. (A) CAT expression. (B) LUC 
expression. Results shown are representative of three separate experiments.
4.4 The RhPV 5’ 1RES is inactive in mammalian cells
The bicistronic plasmids of the form T7:CAT/IRES/LUC were transfected into 
mammalian HTK-143 cells using a TV-transient expression system. The CAT and 
LUC reporter gene expression was assayed. All of the plasmids within the HTK-143 
cells induced efficient CAT expression (Figure 4.2 A). As expected, the EMCV 
1RES was able to function efficiently within these cells and directed a high level of 
LUC expression (Figure 4.2 B). Surprisingly, the RhPV 5’ 1RES was unable to 
direct significant LUC expression in the mammalian cells (Figure 4.2 B). Similai- 
results were observed in the human HeLa cell line and the hamster BHK cell line 
(Figures 4.3 A, 4.3B, 4.4A and 4.4B).
As the RhPV 1RES functioned efficiently in the in vitro RRL system, its ability to 
function in rabbit cells was tested using the rabbit kidney cell line RK-13. Again, all 
of the plasmids induced efficient CAT expression (Figure 4.5A). In terms of LUC 
expression, the EMCV 1RES showed very efficient LUC expression, about 1000-fold 
the pGEM-CAT/LUC background. The RhPV 1RES was also able to direct LUC 
expression but at a very low level (around 10-fold the LUC expression seen with the 
pGEM-CAT/LUC construct and about 1 % of the EMCV LUC expression; Figure 
4.5B). Therefore, although the RhPV 1RES is able to function in the in vitro RRL 
system, it is unable to function efficiently in rabbit cells.
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Figure 4.2 The RhPV 5' 1RES is inactive in mammalian HTK-143 cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HTK-143 cells (Section 2.25). Cell extracts were 
assayed for CAT expression using a Boehringer Mannheim CAT ELISA kit, and 
LUC expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and 
CAT expression of EMC were set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
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Figure 4.3 The RhPV 5’ 1RES is inactive in mammalian HeLa cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HeLa cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC were set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
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Figure 4.4 The RhPV 5’ 1RES is inactive in mammalian BHK cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in BHK cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC were set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
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Figure 4.5 The RhPV 5’ 1RES is inactive in rabbit ceils.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in RK-13 cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC were set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of two separate experiments.
4.5 RhPV 5’ 1RES activity is not stimulated by PV protease 2A.
Co-expression with the PV 2A protease has previously been shown to stimulate poor 
1RES activity in cells (Borman et al., 1997; Roberts et al., 1998). To assess if 2A had 
a stimulatory effect on the RhPV 5’ 1RES in mammalian cells, the RhPVs plasmid 
was co-expressed with the plasmid encoding PV 2A (pAA802; kind gift from A. 
Kaminski, University of Cambridge). The expression of 2A was verified as a CAT 
assay showed that cap-dependent CAT expression was inhibited in the cells where 
2A had been expressed (Figure 4.6 A). No stimulatory effect on the RhPV 5’ 1RES 
activity was observed on co-expression of PV 2A within cells (Figure 4.6 B).
4.6 The RhPV 5’ 1RES does not exhibit temperature sensitivity
As the RhPV 1RES functioned efficiently in the in vitro RRL system, its inability to 
function in the human cells was unexpected. It was initially thought that this was a 
result of temperature sensitivity exhibited by the RhPV 1RES element. The RRL 
experiments were carried out at 30 °C, closer to the body temperature of insects. 
Therefore, in order to determine if the inability of the RhPV 1RES to function in 
human cells was a result of temperature specificity exhibited by the RhPV 1RES, the 
transfections were repeated at 28 °C. Similar results were obtained however, and the 
RhPV 1RES was still unable to function in the human cells (Figure 4.7).
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Figure 4.6 Coexpression of poliovirus protease 2A does not stimulate RhPV
1RES activity.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HTK-143 cells alongside the plasmid encoding 
poliovirus 2A (pAA802; Section 2.25). Cell extracts were assayed for CAT 
expression using a Boehringer Mannheim CAT ELISA kit, and LUC expression 
using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT expression 
of EMC were set at 100. (A) CAT expression. (B) LUC expression. Results shown 
are representative of two separate experiments.
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Figure 4.7 The RhPV 5’ 1RES does not exhibit temperature sensitivity.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HTK-143 cells (Section 2.25). Cell extracts were 
assayed for LUC expression using a Promega LUC assay kit (Section 2.28). The 
LUC expression of EMC was set at 100. The experiments were performed at 28°C 
(shown in pink) and 37°C (shown in lilac). Results shown are representative of two 
separate experiments.
4.7 Discussion
The results presented here demonstrate that the RhPV 5’ 1RES element functions 
efficiently in insect non-aphid S fll  cells. Therefore, it is unlikely that the limited 
host range of RhPV is due to the lack of cellular factors required for efficient 1RES 
function. Instead, something else must limit the ability of RhPV to infect certain 
insect hosts.
Previous work with the EMCV 1RES has shown it is unable to function within an in 
vitro Drosophila based translation system (Chapter 3, Section 3.11). Here I have 
shown that the EMCV 1RES is inactive in insect cells, demonstrating that the EMCV 
1RES is inactive within an insect environment. This is in support of the findings of 
Chapter 3 and of the work by Finkelstein et al., (1999),
The inability of the RhPV 5’ 1RES to function in mammalian cells was surprising 
considering its ability to function in the mammalian in vitro RRL system (Chapter 
3, Section 3.9). Previously, co-expression of PV 2A protease has been shown to 
stimulate the activity of poorly functioning 1RES elements (Borman et al., 1997; 
Roberts et al., 1998). The mechanism behind this stimulation is not known, however 
it could be attributed to a number of possibilities. There could be a direct interaction 
between 2A and the 1RES elements, or, addition of 2A could remove the competition 
from capped mRNAs. Alternatively, there could be stimulation of the 1RES by 
eIF4G cleavage products, or, 2A could bring about the removal of an inhibitor of 
1RES activity (Roberts et al., 1998). However in this situation, co-expression of 2A 
with the RhPV 1RES did not stimulate the activity of the 1RES. Another possible
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explanation for the inability of the RhPV 1RES to function in mammalian cells is that 
the RhPV 5’ 1RES exhibits temperature sensitivity. However, repeating the 
transfection experiments at a temperature closer to that of the body temperature of 
insects (28 “C) did not alter the ability of the RhPV 1RES to function and it was still 
inactive in mammalian cells. There remains two possible explanations for the 
inability of the 1RES to function in mammalian cells. There may be a requirement for 
a specific /raw5-acting factor which is required for efficient 1RES activity, which is 
missing or functionally mismatched in mammalian cells. Alternatively, there might 
be an inhibitory factor present in mammalian cells, which is absent from the RRL 
system, that prevents the RhPV 1RES functioning. Clearly these possibilities need to 
be researched further to determine the reason for the inability of the RhPV 1RES to 
function in mammalian cells.
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Chapter 5
Mutational analysis of the RhPV 5’ 1RES
5.1 Introduction
Work presented in Chapter 3 established that the RhPV genome contains an 1RES 
element in its 5’ UTR. Initial experiments with RNA transcripts have also indicated 
that the RhPV 5’ 1RES does not require virus coding sequence to optimise 1RES 
efficiency. In the past, mutational analysis of 1RES elements has proved to be very 
useful for determining areas and structures of importance for 1RES activity. The aim 
of these experiments was to study the effect of 5’ and 3’ truncations and internal 
mutations on the RhPV 5’ 1RES activity.
Methods
5.2 Mutagenesis of the RhPV 5’ 1RES
5.2.1 Generating 3’ truncated versions of the RhPV 5’ 1RES
Truncated versions of the RhPV 5’ UTR were obtained by PCR using specific 
primers (Table 5.1). The 5’ UTR fragments created are shown in Figure 5.1 and the 
primers used to amplify each construct are identified in Table 5.1. Three truncated
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Primer
name
Nucleotide 
number of 
primer
Annealing 
temperature 
of primer
Primer sequence (5’-3’)
RhPVF 1-15 38 ACGGATCCGATAAAAGAACCTAT
RhPVAlR 579-565 34 ACGGATCCTATAAATAGATAAAG
RhPVA2R 463-448 38 ACGGATCCATATACAGAAGATATA
RhPVA3R 374-360 40 ACGGATCCTTATTACGCAACTAG
RhPVA4F 100-114 36 ACGGATCCATACGATATACTTAT
RhPVA5F 201-215 44 ATGGATCCAGGACCTTTAAGTCC
RhPVA6F 301-315 38 ATGGATCCTTAATCCCAGTTAAA
RhPVR 588-573 40 ACGGATCCCGTAGACATTATAATA
Table 5.1 Sequences (5’-3’) of PCR primers used in the mutagenesis of the 
RhPV 5’ 1RES to create 5’ and 3’ truncated versions of RhPVs plasmid.
In a lOOpil PCR, ljj,g primer was added (Section 5.2). Primers were obtained from 
Sigma Genosys Ltd. F denotes the forward primers, whilst R the reverse primers. 
Underlined are the BaniHl restriction enzyme sites included for cloning purposes. 
RhPVAl was created by PCR amplification using primers RhPVF and RhPVAlR.
RhPVA2 was created by PCR amplification using primers RhPVF and RhPVA2R.
RhPV A3 was created by PCR amplification using primers RhPVF and RhPVA3R.
RhPV A4 was created by PCR amplification using primers RhPVA4F and RhPVR. 
RhPVA5 was created by PCR amplification using primers RhPVA5F and RhPVR. 
RhPVA6 was created by PCR amplification using primers RhPVAôF and RhPVR.
Construct name Nucleotides
RhPVs 1-624 (1-579 + 15 codons ORFl)
RhPVAl 1-579
RhPVA2 1-463
RhPVA3 1-374
RhPVA4 100-588
RhPVAS 200-588
RhPVA6 300-588
RhPVs
624
624
RhPVas
RhPVAl
RhPVA2
579
463
RhPVA3
374
RhPV A4
100 . 588
2oa
RhPVA5
588
300
RhPVA6
588
CAT
T7
i LUC
Bam H1
Figure 5.1. Structure of RhPV plasmids.
Various fragments of the 5'end of the RhPV genome were amplified by PCR using 
primers containing BamYiX sites, digested and inserted between the CAT and LUC ORFs 
(at the unique BamWX site) in plasmid pGEM-CAT/LUC (Section 5.2). Nucleotide 
numbers corresponding to the fragments are shown.
versions of the RhPVs plasmid containing 3’-end deletions were constructed. The 
RhPVAl fragment contains the complete 5’ UTR (nucleotides 1 to 579) but 
terminates immediately upstream of the predicted initiation codon at nucleotide 580. 
RhPYA2 contains nucleotides 1 to 463 and RhPV A3 contains nucleotides 1 to 375. 
The reactions consisted of 10 pi reverse transcription reaction (Section 2.11), 10 pi 
PCR buffer (10 x; Boehringer Mannheim), 4 pi dNTPs (10 mM; Promega) 1 pi each 
primer (1 pg/pl; Sigma Genosys; Table 5.1) and 1 pi Taq enzyme (5 u/pl; Promega). 
The reactions were made up to 100 pi with autoclaved water. The conditions used are 
shown in Table 5.2. The PCR products were run on agarose gels and extracted 
(Sections 2.1 and 2.4). Once purified, the PCR products were cloned into either the 
pGEM-T Easy vector (Promega) or the TOPO vector (according to manufacturers 
instructions; Invitrogen). The inserts were subsequently removed using BamU I 
restriction enzyme (Promega), gel extracted and ligated (Sections 2.4 and 2.6) into 
the reporter plasmid pGEM-CAT/LUC using the BamU I cloning site. Constructs 
were verified by restriction enzyme analysis and sequencing (Sections 2.2 and 2.10; 
Appendix 3).
5.2.2 Generating 5’ truncated versions of the RhPV 5 ’1RES
5’ truncated versions of the RhPV 5’ UTR were obtained by PCR using specific 
primers (Table 5.1). The 5’ UTR fragments created are shown in Figure 5.1 and the 
primers used to amplify each construct are identified in Table 5.1 RhPVA4 contains 
nucleotides 100 to 588, RhPVAS contains nucleotides 200 to 588 and RhPVA6 
contains nucleotides 300 to 588. PCR amplification and cloning was carried out as
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PCRs to create deletion mutants of RhPVs
1) 95 °C for 5 min
2) 94 °C for 1 min
3) Annealing temperature of primer (Table 5.1) for 1 min
4) 72 °C for 1 min
Repeat from step 2 x 30
5) 72 °C for 10 min
Table 5.2 PCR cycle details used to create deletion mutants of RhPVs.
PCR reactions were performed as described in Section 5.2. In brief, the reactions 
consisted of 10 pi reverse transcription reaction (Section 2.11), 10 pi PCR buffer (10 
x; Boehringer Mannheim), 4 pi dNTPs (10 mM; Promega) 1 pi each primer (1 pg/pl; 
Sigma Genosys; Table 6.1) and 1 pi Taq enzyme (5 u/pl; Promega), made up to 100 
pi with autoclaved water.
described in Section 5.2.1. Constructs were verified by restriction enzyme analysis 
and sequencing (Sections 2.2 and 2.10; Appendix 4).
5.3 Overlap PCR mutagenesis to generate RhPV 5’ 1RES internal mutations
The 5’ UTR RhPV sequence was analysed by the mfold computer program 
(available from: www.bioinfo.rpi.edu/applications/mfold/) to determine a possible 
secondary structure arrangement (Figure 5.2). Using the predicted secondary 
structure of the RhPV 1RES, areas of stem loops and whole stem loops were selected 
and either mutated or deleted to assess the effect this had on 1RES function. Mutant 
RhPVLl was altered at nucleotides 36-41 (inclusive); the sequence was changed 
from C AC ACC to TGTGTT (Figure 5.3 A). From the predicted secondary structure, 
this area corresponds with the loop structure at the end of the first stem loop of the 
UTR. In mutant RhPVL3, nucleotides 112-151 (inclusive) were deleted (Figure 5.3 
B). From the predicted secondary structure, this area corresponds with an AT rich 
sequence located in the second half of stem loop two and the entire sequence of stem 
loop three. Finally, mutant RhPVL7 consisted of nucleotides 465-471 (inclusive) 
being altered from ATTTTAA to GCCGCCG (Figure 5.3 C). In the predicted 
secondary structure, these nucleotides correspond to the loop structure at the end of 
the final and largest stem loop of the UTR.
To obtain the RhPV 5’ 1RES mutants (Figures 5.2 and 5.3), overlap PCR 
mutagenesis was used (Figure 5.4). This involves two rounds of PCR amplifications. 
During the first round of PCR amplification, two separate reactions are performed, 
one using a primer designed to the region 3’ of the area to be mutated (primer R for
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Figure 5.4 Schematic representation of overlap PCR mutagenesis.
Selected sequences of the RhPV 5’ UTR were either mutated or deleted by 
overlap PCR mutagenesis (Section 5.3) using primers designed to those 
sequences (Table 5.3).
that sequence) and a primer designed to the extreme 5’ end of the 1RES (RhF; Table 
5.3) and the other using a primer designed to the region 5’ of the area to be mutated 
(primer F for that sequence) and a primer designed to the extreme 3’ end of the 1RES 
(RhR; Table 5.3). To obtain a mutation with an altered code at a specific point, the 
different bases are included in the primer design. Therefore, the first round of PCR 
amplification generates two overlapping PCR products. The second round of PCR 
amplification uses the two overlapping PCR products generated from the first round 
as a template, and the two primers designed to the extreme 5’ and 3’ ends of the 
1RES (RhF and RhR). This generates a PCR product with either a deletion of a 
sequence, or with part of the sequence altered (Figure 5.4).
The first round PCR reactions consisted of 1 jitl pGEM-CAT/RhPVs/LUC construct 
(1/50 dilution) as the template along with 5 pi PCR buffer (10 x), 2 pi dNTPs (10 
mM), 0.5 pi each primer (1 pg/pl; Table 5.3) and 0.5 pi Taq enzyme (5 u/pl). The 
reactions were made up to 50 pi with autoclaved water. PCR conditions are shown in 
Table 5.4. Due to the differences in the primer annealing temperature of RhF and 
RhR (the annealing temperature of RhF was 38 °C, whilst the annealing temperature 
of RhR was 68 °C), there were different optimal annealing temperatures (annealing 
temperature of RhF reactions was 55 °C, while the annealing temperature of RhR 
was 40 °C for three cycles then 55 °C for 27 cycles; Table 5.4). Once obtained, the 
PCR products were purified (Section 2.5) and resuspended in 30 pi autoclaved 
water.
The second round of PCR reactions contained 7 pi each of the two overlapping PCR 
products generated from the first round of PCR amplification for each mutant.
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Primer
name
Nucleotide 
number of primer
Primer sequence
LICAF 20-57 CCTTCGCACACCGCGTTGTGTTGCGCTAT
ATGCTGCTC
LICAR 57-20 GAGCAGCATATAGCGCAACACAACGCGG
TGTGCGAAGG
L3F 112-171 TATTGTTAATTTCATTGACCTTTACGCAAT
CCTGCGTAAATGCTGGTATAGGGTGTACTT
L3R 171-112
1
AAGTACACCCTATACCAGCATTTACGCAG
GATTGCGTAAAGGTCAATGAAATTAACAA
TA
L7ATF 449-487 ATATCTTCTGTATATTGCCGCCGAGTTTA
TAGGAGCAAA
L7ATR 487-449 TTTGCTCCTATAAACTCGGCGGCAATATA
CAGAAGATAT
RhF 1-33 AAGGATCCGATAAAAGAACCTATAATCCC
TCCGCACACCGC
RhR 579-549 AAGGATCCTATAAATAGATAAAGCTAATG
TTATAATTA
Table 5.3 Sequences (5’-3’) of primers used for the first round of PCR reactions 
in the overlap PCR mutagenesis to obtain RhPV 5’ 1RES mutants
In a 50 pi PCR, 0.5 pg primer was added (Section 5.3). Primers were obtained from 
Sigma Genosys Ltd. F denotes the forward primers, whilst R the reverse primers. 
Underlined in black are the Bam\{\ restriction enzyme sites included for cloning 
purposes. Written in bold are the mutated sections, whilst deleted sections are in 
written in red. Reactions using the following combinations of primers were 
performed, LI CAP and RhR, LI CAR and RhF, L3F and RhR, L3R and RhF, L7ATF 
and RhR and L7ATR and RhF.
First round PCR cycle used with RhF 
primer and specific reverse primer
First round PCR cycle used with RhR 
primer and specific forward primer
1) 95 °C for 5 min 1) 94 °C for 5 min
2) 94 °C for 30 sec 2) 95 °C for 30 sec
3) 55 °C for 30 sec 3) 40 °C for 30 sec
4) 72 °C for 40 sec 4) 72 °C for 40 sec
Repeat from step 2 x 30 Repeat from step 2 x 3
5) 72 °C for 10 min 5) 95 °C for 30 sec
6) 55 °C for 30 sec
7) 72 °C for 40 sec
Repeat from step 5 x 27
8) 72 °C for 10 min
Table 5.4 First round PCR cycles for overlap PCR mutagenesis to generate 
mutated RhPV 5’ 1RES elements.
PCR reactions were performed as described in Section 5.3. In brief, PCR reactions 
consisted of 1 pi pGEM-CAT/RhPVs/LUC construct (1/50 dilution) as the template 
along with 5 pi PCR buffer (10 x), 2 pi dNTPs (10 mM), 0.5 pi each primer (1 pg/pl; 
Table 5.3) and 0.5 pi Taq enzyme (5 u/pl), and made up to 50 pi with autoclaved 
water.
10 pi PCR buffer (10 x), 2 pi dNTPs (20 mM), 1 pi each primer (1 pg/pl; RhF and 
RhR; Table 5.3) and 1 pi Taq enzyme (5 u/pl). The reactions were made up to 100 
pi with autoclaved water. PCR conditions are shown in Table 5.5. Once purified, the 
PCR products were cloned into the pGEM-T Easy vector, subsequently removed 
using BamU I restriction enzyme, gel extracted and ligated (Sections 2.2, 2.4 and 
2.6) into the reporter plasmid pGEM-CAT/LUC using the BaniH. I cloning site as 
described in Section 5.2. Constructs were verified by restriction enzyme analysis and 
sequencing (Sections 2.2 and 2.10; Appendix 5).
5.4 Coupled transcription and translation in RRL system
Coupled transcription-translation reactions were performed on pGEM-CAT/LUC, 
pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC, pGEM-CAT/RhPVA 1/LUC, 
pGEM-CAT/RhPVA2/LUC, pGEM-CAT/RhPVA3/LUC, pGEM-
CAT/RhPVA4/LUC, pGEM-CAT/RhPVA5/LUC, pGEM-CAT/RhPVA6/LUC, 
pGEM-CAT/RhPVLl/LUC, pGEM~CAT/RhPVL3/LUC and pGEM- 
CAT/RhPVL7/LUC plasmids as described in Section 2.13. Results were analysed by 
SDS-PAGE, autoradiography and LUC assay as described in Sections 2.12 and
2.28).
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Second round PCR cycle
1) 95 °C for 5 min
2) 94 °C for 30 sec
3) 55 °C for 30 sec
4) 72 °C for 40 sec
Repeat firom step 2 x 30
5) 72 °C for 10 min
Table 5.5 Second round PCR cycle for overlap PCR mutagenesis to generate 
mutated RhPV 5’ 1RES elements.
PCR reaction performed as described in Section 5.3. In brief, PCR reactions 
contained of 7 pi of both purified PCR products for each mutation firom the first 
round PCR reactions (for example the products amplified with the primers LICAF 
and RhR and LICAR and RhF, etc), 10 pi PCR buffer (10 x), 2 pi dNTPs (20 mM), 
1 pi each primer (1 pg/pl; RhF and RhR; Table 5.3) and 1 pi Taq enzyme (5 u/pl). 
The reactions were made up to 100 pi with autoclaved water.
5.5 Coupled transcription and translation in wheat germ system
Coupled transcription-translation reactions were performed on pGEM-CAT/LUC, 
pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC, pGEM-CAT/RhPVAl/LUC, 
pGEM-CAT/RhPVA2/LUC, pGEM-CAT/RhPVA3/LUC, pGEM- 
CAT/RhPVA4/LUC, pGEM-CAT/RhPVA5/LUC, pGEM-CAT/RhPVA6/LUC, 
pGEM-CAT/RhPVLl/LUC, pGEM-CAT/RhPVL3/LUC and pGEM- 
CAT/RhPVL7/LUC plasmids as described in Section 2.14. Results were analysed by 
SDS-PAGE, autoradiography and LUC assay as described in Sections 2.12 and
2.28).
5.6 D rosophila  translation system
Capped RNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVs/LUC, CAT/RhPVAl/LUC, CAT/RhPVA2/LUC, CAT/RhPVA3/LUC, 
CAT/RhPVA4/LUC, CAT/RhPVA5/LUC, CAT/RhPVA6/LUC, CAT/RhPVL 1/LUC, 
CAT/RhPVL3/LUC and CAT/RhPVL7/LUC were prepared (Section 2.16), and used 
to programme Drosophila embryo extracts (Section 2.18). Results were analysed by 
CAT and LUC assays (Sections 2.27 and 2.28).
5.7 Transfection of DNA into mammalian cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC, 
pGEM-CAT/RhPVAl/LUC, pGEM-CAT/RhPVA2/LUC, pGEM-
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CAT/RhPVA3/LUC, pGEM-CAT/RhPVA4/LUC, pGEM-CAT/RhPVA5/LUC and 
pGEM-CAT/RhPVA6/LUC, were transfected into HeLa, BHK and RK-13 cell lines 
as described in Section 2.25. Results were analysed by CAT and LUC assays 
(Sections 2.27 and 2.28).
5.8 Transfection of DNA into insect cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVs/LUC, 
pGEM-CAT/RhPVAl/LUC, pGEM-CAT/RhPVA2/LUC, pGEM-
CAT/RhPVA3/LUC, pGEM-CAT/RhPVA4/LUC, pGEM-CAT/RhPVA5/LUC and 
pGEM-CAT/RhPVA6/LUC, were transfected into the S fll  cell line as described in 
Section 2.26. Results were analysed by CAT and LUC assays (Sections 2.27 and
2.28).
Results
5.9 The effect of 3’ end deletions on RhPV 5’ 1RES activity
Attempts to delineate the 3' boundaries of the RhPV 5’ 1RES were made by 
construction of truncated versions in which sequences were removed from the 3' end 
of the insert, contained in the RhPYs construct. Truncated versions of RhPYs were 
generated by PCR and cloned into the pGEM-CAT/LUC bicistronic vector as 
described above. Each plasmid was tested in the RRL and wheat germ-based coupled 
transcription-translation systems and the Drosophila based translation system. The
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ability of the RhPVAl construct to direct LUC translation in the RRL and wheat 
germ coupled transcription-translation systems and the Drosophila translation system 
was consistent with that observed in the RRL translation system (Section 3.8, Figure 
3.3; Figures 5.5, 5.6 and 5.7). In all of these systems the deletion of virus coding 
sequence did not inhibit the ability of the RhPV 1RES to direct translation. This can 
be seen by comparing the 1RES activity of plasmid RhPYs, which contains virus 
coding sequence to that of plasmid RhPYAl, which contains the 579 nucleotide UTR 
alone. Instead, a modest increase in LUC expression was observed by the removal of 
the virus coding sequence from the constructs (RhPYAl compared to RhPYs; 1.5- 
fold increase in the wheat germ-based TNT system; Figure 5.6). Thus the RhPY 5’ 
1RES does not extend into the virus coding sequence.
Deletion of the 3’ end of the RhPY 5’ UTR (removal of nucleotides 464-579) 
generated construct RhPYA2. This deletion significantly reduced the ability of the 5’ 
UTR to direct internal initiation in both RRL and wheat germ translation systems 
(Figures 5.5 and 5,6), and LUC expression fell to about 13 % of that directed by the 
full length 5’ UTR in RhPYAl. Intriguingly, removal of a further 89 nucleotides 
from the 3’ end (construct RhPY A3; removal of nucleotides 375-579) partially 
restored 1RES activity (25 % of that seen with RhPYAl). In the Drosophila 
translation system, deletion of nucleotides 464-579 and 375-579 (constructs RhPYA2 
and RhPY A3) resulted in a drop in LUC expression to below that of background 
(Figure 5.7).
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Figure 5.7 Delimitation of the RhPV 5’ UTR sequences required for 1RES 
activity in the in vitro Drosophila translation system.
Bicistronic plasmids containing the RhPV 5’ UTR and truncated versions of this 
sequence were analysed in the in vitro Drosophila translation system as described in 
Section 2.18. Cell extracts were assayed for CAT expression using a Boehringer 
Mannheim CAT ELISA kit, and LUC expression using a Promega LUC assay kit 
(Sections 2.27 and 2.28). LUC and CAT expression of EMC were set at 100. 1RES 
containing plasmids are indicated by the name of the 1RES insert. Results are 
representative of two separate experiments.
5.10 The effect of 5' end deletions on RhPV 5’ 1RES activity
Attempts to delineate the 5’ boundaries of the RhPV 5’ 1RES were made by 
construction of truncated versions in which sequences were removed from the 5’ end 
of the insert contained in the RhPVs construct. Truncated versions of RhPVs were 
generated by PCR and cloned into the pGEM-CAT/LUC bicistronic vector as 
described above. Each plasmid was tested in the RRL and wheat germ-based coupled 
transcription-translation systems and the Drosophila based translation system. 
Deletion of the first 99 bases from the 5’ end of RhPVs (RhPVA4) had less of an 
effect on LUC expression than the 3’ end deletions (in this figure LUC expression 
fell to about 70 % of the expression seen with RhPVAl in the RRL system, in 
general the LUC expression of RhPV A4 ranged from 50 to 70 % of the expression 
seen with RhPVAl) in both coupled transcription-translation systems. This indicates 
that these 5’ sequences may be less critical for 1RES function (Figure 5.5 and 5.6). 
Deletion of nucleotides 1-199 (construct RhPVA5) resulted in a fall in LUC 
expression (LUC expression fell to about 68 % of the activity seen with RhPVAl). 
Deletion of nucleotides 1-299 (construct RhPVA6) appeared to abolish the ability of 
the truncated 1RES to direct LUC translation in the RRL system, as the LUC 
expression was reduced to a background level (Figure 5.5). In the wheat germ 
system however, construct RhPVA6 was still able to direct LUC expression, 
although the activity was inhibited to about 12 % that of RhPVAl (Figure 5.6). In 
the Drosophila translation system, deletion of nucleotides 1-99 (RhPVA4) greatly 
reduced the ability of the construct to direct LUC translation (about 3 % of the 
activity seen with RhPVAl; Figure 5.7). Constructs RhPVA5 and RhPVA6 (deletion 
of nucleotides 1-199 and 1-299 respectively) were unable to direct the translation of
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LUC. For both constructs the LUC expression was consistent with, or below that of 
the pGEM-CAT/LUC control in this system (Figure 5.7).
5.111RES activity of truncated RhPV 5’ 1RES mutants in insect cells
The bicistronic reporter plasmid DNA of the form T7:CAT/IRES/LUC was 
transfected into insect ^ 1  cells using a T7-transient expression system. The CAT 
and LUC reporter gene expression was assayed. The plasmids all induced efficient 
CAT expression (Figure 5.8 A). The 3’ truncated versions of the RhPVs construct 
followed the same pattern as that seen in the in vitro systems. Deletion of nucleotides 
464-579 (construct RhPVA2) resulted in a drop in the ability of the construct to 
direct LUC expression (about 30 % of the LUC expression seen with RhPVAl). In 
contrast, with construct RhPV A3 (removal of nucleotides 375-579) the LUC 
expression was partially restored as seen in the in vitro translation systems (about 40 
% of the LUC expression seen with RhPVAl (Figure 5.8 B). With respect to the 5’ 
truncated versions of the RhPVs construct, constructs RhPV A4, RhPVA5 and 
RhPVA6 (deletion of nucleotides 1-99, 1-199, and 1-299 respectively) exhibited a 
progressive reduction in their ability to direct LUC expression. Deletion of 
nucleotides 1-99 reduced the LUC expression to 40 % that of RhPVAl, while 
deletion of nucleotides 1-199 and 1-299 reduced LUC expression to 26 % and 10 % 
of RhPVAl respectively (Figure 5.8 B).
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Figure 5.8 Delimitation of the RhPV 5’ UTR sequences required for 1RES activity 
in insect non-aphid S f l \  cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences were 
transiently expressed in insect non-aphid ^ 1  cells (Section 2.26). Cell extracts were 
assayed for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). CAT and LUC 
expression of EMC were set at 100. (A) CAT expression.(B) LUC expression. Results 
shown are representative of three separate experiments.
5.12 IRES activity of truncated RhPV 5’ 1RES mutants in mammalian cells
The bicistronic reporter plasmid DNA of the form T7:CAT/IRES/LUC was 
transfected into mammalian HeLa, BHK and RK-13 cells using a TV-transient 
expression system. The CAT and LUC reporter gene expression was assayed. Within 
the mammalian cell lines, all of the plasmids induced efficient CAT expression 
(Figures 5.9 A, 5.10 A and 5.11 A). As expected, the EMCV 1RES was able to 
function efficiently in all of the mammalian cell lines as evidenced by the high LUC 
expression. All of the 3’ truncated versions of the RhPVs construct were unable to 
direct LUC expression to a level significantly above that of the pGEM-CAT/LUC 
negative control in the mammalian cells (Figures 5.9 B, 5.10 B and 5.11 B) As was 
seen with the 3’ truncated versions of the RhPVs construct, the 5’ truncated versions 
were unable to direct LUC expression to a level significantly above that of the 
pGEM-CAT/LUC negative control in the mammalian cells (Figures 5.9 B, 5.10 B 
and 5.11 B).
5.13 The effect of internal mutations on RhPV 5’ 1RES activity
Attempts to determine the effect of internal mutations on RhPV 5’ 1RES activity 
were made by using the predicted secondary structure of the RhPV 5’ 1RES to 
construct versions of RhPVAl in which areas of stem loops and whole stem loops 
were selected and either mutated or deleted. These internal mutations of RhPVAl 
were generated by PCR and cloned into the pGEM-CAT/LUC bicistronic vector as 
described above. Each plasmid was tested in the RRL and wheat germ-based coupled 
transcription-translation systems and the Drosophila based translation system.
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Figure 5.9 Delimitation of the RhPV 5’ UTR sequences required for 1RES 
activity in mammalian HeLa cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HeLa cells (Section 2.25). Cell extracts were 
assayed for CAT expression using a Boehringer Mannheim CAT ELISA kit, and 
LUC expression using a Promega LUC assay kit (Sections 2.27 and 2.28). CAT 
and LUC expression of EMC were set at 100. (A) CAT expression.(B) LUC 
expression. Results shown are representative of two separate experiments.
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Figure 5.10 Delimitation of the RhPV 5’ UTR sequences required for 1RES 
activity in mammalian BHK cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in BHK cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). CAT and 
LUC expression of EMC were set at 100. (A) CAT expression.(B) LUC expression. 
Results shown are representative of two separate experiments.
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Figure 5.11 Delimitation of the RhPV 5’ UTR sequences required for 1RES 
activity in mammalian RK-13 cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in RK-13 cells (Section 2.25). Cell extracts were 
assayed for CAT expression using a Boehringer Mannheim CAT ELISA kit, and 
LUC expression using a Promega LUC assay kit (Sections 2.27 and 2.28). CAT 
and LUC expression of EMC were set at 100. (A) CAT expression.(B) LUC 
expression. Results shown are representative of two separate experiments.
In the RRL and wheat germ translation systems, mutation of the end loop of stem 
loop 1 (construct RhPVLl; Figure 5.3 A) reduced the ability of the construct to 
direct the translation of LUC (around 67 % of the LUC expression observed with the 
RhPVAl construct in the RRL system; Figures 5.12 and 5.13). The deletion of stem 
loop 3 (construct RhPVLS; Figure 5.3 B) rendered the 1RES inactive in both RRL 
and wheat germ translation systems. Mutation of the end of stem loop 7 (RhPVL7; 
Figure 5.3 C) reduced the ability of the constmct to direct the translation of LUC 
(around 78 % of the LUC expression observed with the RhPVAl construct in the 
RRL translation system and around 43 % in the wheat germ-based translation 
system; Figures 5.12 and 5.13). In the Drosophila translation system, constructs 
RhPVLl and RhPVLS were both unable to direct LUC expression (Figure 5.14). 
Interestingly, construct RhPVL7 was able to direct the expression of LUC (at least 
double the LUC expression of RhPVAl).
5.14 Discussion
Experiments to define the RhPV 5’ 1RES more closely have shown that the RhPV 
1RES continued to function, albeit at a reduced efficiency, when almost 100 bases 
were removed from either end of the 5’ UTR. Deletion of 200 nucleotides from the 
y  end of the RhPV 5’ UTR has less effect on 1RES activity than deletion of only 100 
nucleotides from the same end of the 5’ UTR. This was a surprising result, and more 
work is required to fully explain this finding; however, it may indicate that the 
boundaries of the 5’ 1RES are not sharply defined, a property that is shared with 
certain 1RES elements of cellular origin. For example, a variety of fragments of the 
immunoglobulin heavy-chain binding domain protein 1RES element are known to
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Figure 5.14 Effect of internal mutations on RhPV 5’ 1RES activity in the in vitro 
Drosophila translation system.
Drosophila extracts were programmed with RNA transcripts containing the RhPV 5’ 
UTR and the 5’ UTR with internal deletions/mutations of the form CAT-IRES-LUC 
(Sections 2.16 and 2.18). Cell extracts were assayed for CAT expression using a 
Boehringer Mannheim CAT ELISA kit, and LUC expression using a Promega LUC 
assay kit (Sections 2.27 and 2.28). LUC and CAT expression of EMC were set at 
100. (A) CAT expression. (B) LUC expression. Results shown are representative of 
three separate experiments.
retain 1RES function (Yang and Sarnow, 1997), but this and certain other cellular 
1RES elements (e.g., c-myc) do not function in the RRL system or when 
manufactured in the cytoplasm of mammalian cells (lizuka et al., 1995; Stoneley et 
al., 2000 b).
Deletion of up to 200 nucleotides from the 5’ end of the RhPV 5’ UTR showed less 
of a reduction in 1RES activity than that seen following deletion of up to 200 
nucleotides from the 3’ end of the 5’ UTR. This suggests that the 5’ end of the RhPV 
5’ UTR is less important to 1RES function. Picornaviruses have been shown to 
contain replication signals within the 5’ ends of their UTRs, which have an effect on 
1RES activity, but are not a part of the 1RES itself (Simoes and Sarnow, 1991; 
Belsham and Jackson, 2000). The same may be true for the RhPV 5’ 1RES. This is 
further supported by the internal mutation of the CA loop of stem loop one in the 
predicted secondary structure of the RhPV 1RES (construct RhPVLl; mutation of 
C AC ACC to TGTGTT; Figure 5.3 A). Mutation of this region had only a slight 
effect on RhPV 1RES activity indicating that perhaps this hairpin structure is not a 
part of the 1RES element. Interestingly deletion of part of stem loop two, and the 
whole of stem loop three in the predicted secondary structure of the RhPV 1RES 
(construct RhPVLS; removal of nucleotides 112 to 151; Figure 5.3 B) abolished the 
1RES activity of the construct (Figures 5.12 to 5.14) indicating that this region is 
critical to RhPV 5’ 1RES activity. However, the 5’ truncated version of RhPVs also 
missing this region (construct RhPVA5; removal of nucleotides 1-199) still 
possessed 1RES activity (Figures 5.5 to 5.7). A possible explanation for this is that 
this region is involved in the binding of either an initiation factor or a cellular trans- 
acting factor, important to 1RES function. Deletion of this region would then result in
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the 1RES being unable to function. Deletion of the first 199 nucleotides from the 5’ 
end of the UTR would also remove this region, but it is possible that in the absence 
of the first 199 nucleotides, the secondary structure of the UTR is altered in such a 
way as to present an alternative binding site for the unknown factor to attach to. 
Mutation of the sequence at the end of stem loop 7 (construct RhPVL7; mutation of 
ATTTTAA to GCCGCCG, Figure 5.3 C) resulted in a reduction in 1RES activity 
within the RRL and wheat germ translation systems. Surprisingly in the Drosophila 
translation system, the RhPVL7 construct showed very efficient 1RES activity, 
around double that of the RhPVAl construct. This result was surprising, and the 
experiment needs to be repeated to confirm these findings.
Studies on the IGR 1RES of RhPV (Domier et al., 2000) showed that deletion of 
sequences from the 3’ end of the 186 nucleotide 1RES inhibited 1RES activity in 
vitro, although no quantitation of this effect was reported. However, the RhPV 5’ 
UTR 1RES is clearly different from the IGR 1RES which initiates at a non-AUG 
codon. Folding analysis suggests that the IGR 1RES elements from both RhPV and 
PSrV should form a pseudoknot at the 3’ end (Sasaki and Nakashima, 1999; Domier 
et al., 2000). This feature is thought to be crucial in directing non-AUG initiation of 
translation. Clearly, further comparison of the 5’ UTR and IGR 1RES elements of 
these viruses is required to determine the structural features responsible for these 
functional properties.
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Chapter 6
Comparative analysis of insect picorna-Iike virus 1RES 
elements 
6.1 Introduction
To date, research has focussed on the 1RES elements of individual Cricket paralysis­
like viruses and there has been no attempt at comparing the efficiencies of the 
Cricket paralysis-like virus 1RES elements with other insect picorna-like 1RES 
elements.
Infectious flacherie virus (IFV) and Sacbrood virus (SBV) are “Type 2 insect 
picorna-like viruses”. The genome organisation of the Type 2 insect picorna-like 
viruses is much more like that of the mammalian picornaviruses. They have only one 
ORE which encodes the structural and non-stmctural proteins. IFV and SBV have 5’ 
UTRs of 156 and 178 nucleotides respectively (Isawa et al., 1998; Ghosh et al., 
1999). Acyrthosiphon pisum virus (APV) is another insect picorna-like virus. This 
virus contains two ORFs, the second of which encodes the structural proteins, as is 
the case for Cricket paralysis-like viruses. However APV does not have an IGR 
1RES and translation of the second ORE is believed to occur due to a frameshift 
(therefore it is not classified as a Cricket paralysis-like virus; van der Wilk et al., 
1997). The 5’ UTR of APV is 267 nucleotides in length (van der Wilk et al., 1997).
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The aim of this work was to compare the activity of the 1RES element of the Cricket 
paralysis-like virus RhPV, to other insect picorna-like viruses, which have a 
mammalian picornavirus-like genome organisation, in this instance, APV and SBV.
Methods
6.2 Isolation of 5’ UTRs of insect picorna-like viruses
The SBV construct was kindly supplied by Dr Lisa Roberts, the SBV 5’ UTR 
(nucleotides 1-178) had been isolated by PCR and inserted into pGEM-CAT/LUC. 
To obtain the 5’ UTR of APV, viral RNA was reverse transcribed to produce cDNA 
(Section 2.11). Primers were designed against the 5’ UTR (Table 6.1), and a PCR 
reaction performed as described in Section 5.2. The conditions used are shown in 
Table 6.2. The PCR product was mn on an agarose gel and extracted (Sections 2.1 
and 2.4). Once purified, the PCR product was cloned into the pGEM-T Easy vector 
from where the insert was removed using BamH. I restriction enzyme. The insert was 
gel extracted and ligated into the reporter plasmid pGEM-CAT/LUC using the BamH 
I cloning site (Sections 2.4 and 2.6). The construct was verified by restriction 
enzyme analysis and sequencing (Sections 2.2 and 2.10; Appendix 6).
6.3 Coupled transcription and translation in RRL system
Coupled transcription-translation reactions were performed on pGEM-CAT/LUC, 
pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVAl/LUC, pGEM-CAT/APV/LUC and
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Primer name Nucleotide 
number of 
primer
Primer sequence (5’-3’)
APVUTRF
APVUTRR
1-18
267-250
ATGGATCCCGAAAATAAGTATATATT
ATGGATCCCGTGATTTTATAACGATT
Table 6.1. Sequences (5’-3’) of primers used for PCR to isolate 5’ UTR of APV
In a lOOpl PCR, Ipg primer was added. Primers were obtained jfrom Sigma Genosys 
Ltd. F indicates the forward primer, whilst R the reverse primer. Underlined are the 
Bam HI restriction enzyme sites included for cloning purposes.
PCR conditions to isolate APV 5’ UTR
1) 95°C for 5min
2) 94°C for Imin
3) Annealing temperature of primer for Imin
4) 72°C for Imin 
Repeat from step 2 x30
5) 72°C for lOmin
Table 6.2 PCR cycle details used to isolate APV 5’ UTR.
PCR reaction performed as described in Section 5.2. In brief, the reactions consisted 
of 10 pi reverse transcription reaction (Section 2.11), 10 pi PCR buffer (10 x; 
Boehringer Mannheim), 4 pi dNTPs (10 mM; Promega) 1 pi each primer (1 pg/pl; 
Sigma Genosys; Table 6.1) and 1 pi Taq enzyme (5 u/pl; Promega), made up to 100 
pi with autoclaved water.
pGEM-CAT/SBV/LUC) plasmids as described in Section 2.13. Results were 
analysed by SDS-PAGE, autoradiography and LUC assay as described in Sections
2.12 and 2.28).
6.4 Coupled transcription and translation in wheat germ system
Coupled transcription-translation reactions were performed on pGEM-CAT/LUC, 
pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVAl/LUC, pGEM-CAT/APV/LUC and 
pGEM-CAT/SBV/LUC plasmids as described in Section 2.14 Results were 
analysed by SDS-PAGE, autoradiography and LUC assay as described in Sections
2.12 and 2.28).
6.5 RRL translation system
Uncapped mRNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVAl/LUC, CAT/APV/LUC and CAT/SBV/LUC were prepared (Section
2.15) and translated in the rabbit reticulocyte lysate system as described in Section 
2.17. Results were analysed by SDS-PAGE, autoradiography and LUC assay 
(Sections 2.12 and 2.28).
6.6 D rosophila  translation system
Capped RNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVAl/LUC, CAT/APV/LUC and CAT/SBV/LUC were prepared (Section
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2.16), and used to programme Drosophila embryo extracts (Section 2.18). Results 
were analysed by CAT and LUC assays (Sections 2.13 and 2.28).
6.7 RNA Electrophoresis and Northern blotting
Uncapped mRNA transcripts of the form CAT/LUC, CAT/EMCV/LUC, 
CAT/RhPVAl/LUC, CAT/APV/LUC and CAT/SBV/LUC (Section 2.15) were run 
on formaldehyde-agarose gels and transferred onto nitrocellulose membranes 
(Section 2.19). The Northern blots were probed with a LUC probe and results 
analysed by autoradiography (Sections 2.20 and 2.21).
6.8 Transfection of DNA into mammalian cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVAl/LUC, 
pGEM-CAT/APV/LUC and pGEM-CAT/SBV/LUC, were transfected into HeLa, 
BHK and RK-13 cell lines as described in Section 2.25. Results were analysed by 
CAT and LUC assays (Sections 2.27 and 2.28).
6.9 Transfection of DNA into insect cells
Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM-CAT/RhPVAl/LUC, 
pGEM-CAT/APV/LUC and pGEM-CAT/SBV/LUC, were transfected into the S fll  
cell line as described in Section 2.26. Results were analysed by CAT and LUC 
assays (Sections 2.27 and 2.28).
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Results
6.10 Analysis of insect 1RES elements in the RRL translation system
To compare the 5’ 1RES activity of the Cricket paralysis-like virus RhPV to the 5’ 
UTRs of the insect picorna-like viruses APV and SBV, the 5’ UTRs of APV and 
SBV (nucleotides 1-267 and 1-178 respectively) were isolated by PCR and cloned 
into the pGEM-CAT/LUC bicistronic vector. The 1RES activities of the plasmids 
were assessed in the in vitro RRL coupled transcription-translation system. All of the 
plasmids were able to induce efficient CAT expression (Figure 6.1) The APV 1RES 
was able to direct LUC expression to a similar level as the RhPV 5’ 1RES, although 
the APV 1RES had a slightly higher level of LUC expression (about 25 % higher 
than the LUC expression seen with the RhPV 5’ 1RES). The SBV 1RES was able to 
direct LUC expression about 3 times greater than the pGEM-CAT/LUC background 
level, although this was only 41 % of the LUC expression seen with the RhPV 1RES 
(Figure 6.1) It was observed that there were two LUC bands present in the SBV 
1RES lane that could indicate two alternate start sites, which may make the LUC 
results look artificially lower.
Further confirmation of the 1RES activities were obtained using mRNA translational 
analysis. To ensure the 5’ UTRs of APV and SBV contained 1RES elements, RNA 
transcripts were prepared in vitro from linearised pGEM-CAT/IRES/LUC reporter 
plasmids and assayed in an in vitro RRL translation system. All of the plasmids were 
able to induce efficient CAT expression (Figure 6.2). The APV 1RES element was 
able to direct LUC expression at a greater level than that seen with the RhPV 5’ 
1RES. The APV 1RES element directed LUC expression around 40 % higher than
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Figure 6.1 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in the 
in vitro RRL TNT system.
Plasmids encoding the RhPV, APV and SBV 5’ UTR sequences were analysed for 
1RES activity in the in vitro RRL coupled transcription-translation system (Section 
2.13). Samples were analysed by SDS-PAGE and autoradiography (Section 2.12). 
1RES containing plasmids are indicated by the name of the virus from which the 
1RES was taken from. Results shown are representative of three separate 
experiments.
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Figure 6.2 Analysis of in vitro derived transcripts of insect picorna-like virus 5’ 
UTRs for 1RES activity in the in vitro RRL translation system.
Plasmids encoding the RhPV, APV and SBV 5’ UTR sequences were analysed using 
in vzYro-derived transcripts (Section 2.15). The RNA transcripts were analysed in the 
in vitro RRL translation system (Section 2.17). Samples were analysed by SDS- 
PAGE and autoradiography (Section 2.12). 1RES containing plasmids are indicated 
by the name of the virus from which the 1RES was taken from. Results shown are 
representative of three separate experiments.
that seen with the RhPV 5’ 1RES. The SBV 5’ UTR element was inactive in this 
system and was unable to direct LUC expression at a level above that of the pGEM- 
CAT/LUC control (Figure 6.2).
6.11 Analysis of insect 1RES elements in the wheat germ translation system
To compare the 1RES activity of the Cricket paralysis-like virus RhPV to the 5’ 
UTRs of the insect picorna-like viruses APV and SBV, the UTRs of APV and SBV 
(nucleotides 1-267 and 1-178 respectively) were generated by PCR and cloned into 
the pGEM-CAT/LUC bicistronic vector. The 1RES activities of the plasmids were 
assessed in the in vitro wheat germ-based coupled transcription-translation system. 
All of the plasmids were able to induce efficient CAT expression (Figure 6.3). 
Within the wheat germ translation system, the RhPV 1RES was the most active 
(Figure 6.3). The APV 1RES element and the SBV 1RES element were both able to 
direct LUC expression, although at levels lower than that seen for the RhPV 1RES 
(around 32 % of the LUC expression seen with the RhPV 5’ 1RES in the case of 
APV, and around 15 % of the LUC expression seen with the RhPV 5’ 1RES in the 
case of the SBV 1RES). As observed in the RRL TNT system, there were again two 
LUC bands present for the SBV 1RES element sample.
6.12 Analysis of insect 1RES elements in the D rosophila  translation system
Capped transcripts were made in vitro using T7 RNA polymerase and translated in 
Drosophila lysates. All of the plasmids were able to induce efficient CAT expression 
(Figure 6.4). Within the insect translation system, neither the APV 1RES nor the
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Figure 6.3 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in the 
in vitro wheat germ TNT system.
Plasmids encoding the RhPV, APV and SBV 5’ UTR sequences were analysed for 
1RES activity in the in vitro wheat germ-based coupled transcription-translation 
system (Section 2.14). Samples were analysed by SDS-PAGE and autoradiography 
(Section 2.12). 1RES containing plasmids are indicated by the name of the virus from 
which the 1RES was taken from. Results shown are representative of three separate 
experiments.
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Figure 6.4 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in the 
in vitro Drosophila translation system.
Drosophila extracts were programmed with RNA transcripts containing the RhPV, 
APV and SBV 5’ UTRs of the form CAT-IRES-LUC (Sections 2.16 and 2.18). Cell 
extracts were assayed for CAT expression using a Boehringer Mannheim CAT 
ELISA kit, and LUC expression using a Promega LUC assay kit (Sections 2.27 and 
2.28). LUC and CAT expression of EMC was set at 100. (A) CAT expression. (B) 
LUC expression. Results shown are representative of three separate experiments.
SBV 1RES were able to direct LUC expression to a level above that of the pGEM- 
CAT/LUC control (Figure 6.4).
6.13 Northern analysis of uncapped transcripts
To confirm the size and integrity of the uncapped bicistronic RNA transcripts 
generated by T7 RNA polymerase, the RNAs were analysed by electrophoresis on an 
agarose gel, transferred to a nylon membrane, and probed with a ^^P-labeled probe 
specific for the LUC sequence. A single species of RNA of the expected size was 
detected in each instance (Figure 6.5) indicating that these insect virus sequences did 
not contain a cryptic T7 promoter or induce RNA cleavage, which could have 
generated monocistronic LUC transcripts.
6.14 Analysis of insect 1RES elements in insect cells
The bicistronic reporter plasmid DNAs of the foim T7: CAT/IRES/LUC were 
transfected into insect ,^21 cells using a T7-transient expression system. The CAT 
and LUC reporter gene expression was assayed. All of the plasmids induced efficient 
CAT expression (Figure 6.6 A). Within the insect cells, the RhPV 5’ 1RES was the 
most active. The APV 1RES was able to direct LUC expression, as was the SBV 
1RES element. The APV 1RES element was able to direct LUC expression to 55 % of 
the LUC expression seen with the RhPV 1RES element. The SBV 1RES element was 
only able to direct LUC expression to about 15 % of the LUC expression seen with 
the RhPV 1RES element. However this was still greater than the background level 
seen with pGEM-CAT/LUC (Figure 6.6 B).
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Figure 6.5 Integrity of RNA transcripts containing the insect picorna-like 
viruses sequence.
In vitro derived RNA transcripts (Section 2.15) were analysed by formaldehyde- 
agarose gel electrophoresis, transferred to a nylon membrane and probed with a ^^ P- 
labeled probe specific for the LUC sequence (Sections 2.19, 2.20 and 2.21). An 
autoradiograph is shown. The IRES-containing bicistronic transcripts are referred to 
by the name of the 1RES. Note the smaller product obtained from monocistronic 
pGEM-LUC (lane LUC).
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Figure 6.6 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in 
insect S fl\  cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in S fl\  cells (Section 2.26). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC was set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
6.15 Analysis of insect 1RES elements in mammalian cells
The bicistronic reporter plasmid DNA of the form T7:CAT/IRES/LUC was 
transfected into the mammalian HeLa, BHK and RK-13 cell lines using a TV- 
transient expression system. The CAT and LUC reporter gene expression was 
assayed. In all of the mammalian cell lines used, the plasmids induced efficient CAT 
expression (Figures 6.7 A, 6.8 A and 6.9 A). None of the insect virus 1RES elements 
were able to direct LUC expression to level above that of the pGBM-CAT/LUC 
control (Figures 6.7 B, 6.8 B and 6.9 B).
6.16 Discussion
The results presented here demonstrate that the insect picorna-like viruses APV and 
SBV both contain 1RES elements in their 5’ UTRs. When the 1RES activities of these 
viruses are compared to the RhPV 5’ 1RES, the type 2 picorna-like virus SBV 
appears to contain the least active 1RES element. This was true for all of the in vitro 
translation systems and cell lines in which the 1RES activities were assayed. 
However, in all of the in vitro translation systems used, the SBV construct produced 
two LUC proteins of similar size. One potential explanation is that SBV utilises two 
start sites for internal translation initiation. In this way, two LUC products of varying 
size would be observed. This would also give the impression that the SBV 1RES 
element directed LUC expression to a lesser extent should only one of the LUC 
products be detected by the LUC assay performed on the samples. The SBV 5’ UTR 
contains 2 AUG codons at nucleotides 179 and 197 respectively; both of which have 
the potential to act as the initiation codon, although AUG179 is in a more suitable
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Figure 6.7 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in 
mammalian HeLa cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in HeLa cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC was set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
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Figure 6.8 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in 
mammalian BHK cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in BHK cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC was set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
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Figure 6.9 Analysis of insect picorna-like virus 5’ UTRs for 1RES activity in 
mammalian RK-13 cells.
Plasmids encoding bicistronic transcripts containing the indicated virus sequences 
were transiently expressed in RK-13 cells (Section 2.25). Cell extracts were assayed 
for CAT expression using a Boehringer Mannheim CAT ELISA kit, and LUC 
expression using a Promega LUC assay kit (Sections 2.27 and 2.28). LUC and CAT 
expression of EMC was set at 100. (A) CAT expression. (B) LUC expression. 
Results shown are representative of three separate experiments.
context and therefore may be the more frequently used site for translation initiation. 
However, it should be noted that in the northern analysis of RNA transcripts the 
signal seen for the transcript of the SBV UTR was lower than that seen for the other 
transcripts (Figure 6.5). Therefore the low 1RES activity of the SBV UTR and its 
inability to function in the in vitro RRL translation system may be due to a low 
concentration of RNA.
The APV 1RES element has a similar activity to that of the RhPV 5’ 1RES element 
within the in vitro RRL translation system. However, it was less efficient than the 
RhPV 1RES in the wheat germ-based in vitro translation system and in the insect 
cells. Both SBV and APV were inactive in the Drosophila in vitro translation system, 
although both exhibited some 1RES function in the insect Sj2\ cells (although both 
were less active than the RhPV 1RES element). This could be explained by the 
requirement of the 1RES elements for a specific rm^j-acting factor missing in the 
Drosophila in vitro translation system that is not required by the RhPV 1RES.
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Chapter 7
General Discussion
1RES elements were discovered in the late 80s in picornaviruses (Jang et al., 1988, 
1989; Pelletier and Sonenberg, 1988). Over the last 14 years 1RES elements have 
been shown to exist not only in picornaviruses, but also in other virus and cellular 
mRNAs. Until recently none of these 1RES elements were shown to function in non­
mammalian systems. However during this project work on Cricket paralysis virus 
(Wilson et al., 2000) showed that the IGR contained an 1RES element and that this 
IGR 1RES was able to function in a plant wheat germ-based system (Wilson et al., 
2000). A 5’ 1RES element was also identified. The aim of this work was to determine 
if the related Cricket paralysis-like virus RhPV 5’ UTR contained an 1RES element.
The results in Chapter 3 demonstrate that the 5’ UTR of the RhPV genome does 
contain an 1RES element. The 1RES consists of the entire 579 nucleotide 5’ UTR. 
Virus coding sequence is not required to optimise 1RES activity and inclusion of 15 
codons of virus coding sequence actually slightly reduced the activity of the 1RES 
element. This is in contrast to the HCV 1RES element, which is believed to require 
virus coding sequence to optimise 1RES activity (Reynolds et al., 1995). Although 
RhPV displays physiochemical characteristics similar to those of the mammalian 
picornaviruses, it is clearly distinguished from these viruses by the differences in its 
genome organisation. However, both RhPV and the mammalian picornaviruses make 
use of internal ribosome entry in the initiation of translation. The 5’ UTRs of
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mammalian picornaviruses (600 to 1,300 nucleotides) are generally longer than that 
of RhPV (580 nucleotides); however, only about 450 nucleotides of picornavirus 
RNA is required for 1RES function, and deletions of this region from either end 
result in a complete loss of activity (Belsham and Brangwyn, 1990; van der Velden 
et al., 1995). The 5’ UTR of RhPV also does not have a polypyrimidine tract, which 
can be found near the 3’ end of all picornavirus 1RES elements (reviewed in Belsham 
and Sonenberg, 1996).
The RhPV 5’ 1RES element has been demonstrated to function efficiently in 
mammalian, insect and plant in vitro systems (Chapter 3). When tested in cells 
(Chapter 4), the RhPV 5’ 1RES element was shown to function efficiently in the 
insect non-aphid SfZl cell line and was able to express LUC to a level 70 fold that of 
the negative control. Interestingly, the RhPV 5’ 1RES element was unable to function 
in mammalian cells. The 1RES element was tested in a range of mammalian cells that 
included human, rabbit and hamster cell lines. Investigation into the cause of this 
inability to function determined that the 1RES does not display temperature 
sensitivity nor does co-expression of the PV protease 2A stimulate 1RES activity in 
this case (PV 2A has been demonstrated to stimulate poor 1RES activity in cells; 
Roberts et al., 1998). The two remaining explanations for why the RhPV 5’ 1RES 
element is unable to function in mammalian cells are that either the 1RES requires a 
specific trans-acting factor that is missing or functionally mismatched within the 
mammalian cells or, that the mammalian cells contain an inhibitory factor that 
prevents the RhPV 5’ 1RES from functioning. Although both explanations are 
possible I believe that it is more likely the mammalian cells are missing a (or contain 
a mismatched) rran^-acting factor required by the RhPV 5' 1RES in order for it to
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function. The discrepancy between the RhPV 5’ 1RES element functioning in the in 
vitro mammalian system but not in mammalian cells is surprising. Clearly this needs 
to be investigated further, and in clarifying this issue, we may obtain a glimpse into 
the way in which the RhPV 1RES functions. Another aspect to investigate further are 
the cellular trans-acting factors that bind to, and are required by the 1RES in order to 
function efficiently. It would also be interesting to look at the ability of the 1RES to 
function in mosquito cell lines to see if these cells are able to support 1RES activity. 
However, regardless of the in vivo requirements of the 1RES, it has been 
demonstrated to function in vitro in mammalian, plant and insect systems. This is a 
very exciting finding that indicates the RhPV 5’ 1RES has potential to be a very 
useful tool in gene expression systems.
The 1RES elements generally used in gene expression systems are those of the 
picornaviruses, usually the EMCV 1RES. These 1RES elements are well 
characterised and are very efficient within mammalian systems. However, they are 
only active in mammalian systems and are inactive in insect systems and generally 
inactive in plant systems, although there is evidence to suggest that the EMCV 1RES 
does function in plant cells (Urwin et al., 2000). In comparison, the RhPV 1RES is 
able to function efficiently in all of these in vitro systems (mammalian, insect and 
plant) and therefore has a distinct advantage over the mammalian picornavirus 1RES 
elements. Due to this potential for exploitation in gene expression systems, the RhPV 
5’ 1RES element has been patented (patent number GBOO 19745.9, Gene expression 
element). With regards to the reported ability of the EMCV 1RES element to function 
in plant cells (Urwin et al., 2000), it should be noted that the EMCV 1RES did not 
function efficiently within the in vitro and in vivo plant systems tested in this thesis.
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Therefore it would be very interesting to compare the activities of the RhPV and 
EMCV 1RES elements within plant cells, for although the EMCV 1RES may function 
in them, from the results presented here it is likely that the RhPV 1RES would 
function more efficiently.
Although we have gained an insight into which regions are critical for activity, the 
exact boundaries of the RhPV 5’ 1RES element have not been defined. A computer- 
prediction of the secondary structure of the RhPV 5’ UTR showed an area of 
complex secondary structure consisting of 7 stem loops. Delimitation of the 1RES 
has shown that optimal 1RES activity is seen with the entire 579 nucleotides of the 5’ 
UTR (Chapter 5). However it was observed that the 3’ end of the UTR was rnore 
important to RhPV 5' 1RES activity than the 5’ end. Deletion of nucleotides 464-579 
significantly reduced LUC expression when compared to that directed by the full- 
length 5’ UTR. Intriguingly, removal of a further 89 nucleotides from the 3’ end 
(removal of nucleotides 375-579) partially restored 1RES activity. This was 
unexpected and further 3’ tmncated mutants need to be constructed and assayed for 
1RES activity to understand it. However, it may indicate that as with certain 1RES 
elements of cellular mRNAs (for example immunoglobulin heavy-chain binding 
domain protein, BiP, 1RES element; Yang and Sarnow, 1997) the boundaries of the 
5’ 1RES are not sharply defined. However BiP and certain other cellular 1RES 
elements (e.g., c-myc) do not function in the RRL system or when expressed in the 
cytoplasm of mammalian cells (lizuka et al., 1995; Stoneley et al., 2000 b). 
Mutational analysis of the 1RES showed that stem loop three (and part of stem loop 
two) of the proposed secondary structure of the RhPV 5’ UTR was critical to 1RES 
activity as deletion of nucleotides 112 to 151 completely abolished 1RES activity.
196
Comparing the activity of the RhPV 5’ 1RES element to 1RES elements of two other 
insect picorna-like viruses (the insect picorna-like virus APV and the type 2 insect 
picorna-like virus SBV; Chapter 6) showed the RhPV 1RES element to be as 
efficient and generally more efficient than the 1RES element of APV. It was also 
more efficient than the 1RES element of SBV, although it is likely that the very low 
SBV 1RES activities observed were due to low concentrations of RNA used in the 
experiments.
There is much work yet to be done on the RhPV 5’ 1RES element as well as the 
RhPV IGR 1RES. Within CrPV it was found that the IGR 1RES element was more 
active than the 5’ 1RES element (Wilson et al., 2000) therefore, it would be 
interesting to see if the same were true for RhPV. Already there are some functional 
differences between CrPV and RhPV that can be identified. Wilson et al., (2000) 
reported that the CrPV 5’ UTR was inactive in the wheat germ-based translation 
system, while in Chapter 3 it has been demonstrated that the same is not true for the 
RhPV 5’ 1RES element which was able to function efficiently in this system. The 
IGR 1RES elements of Cricket paralysis-like viruses do not appear to require 
initiation factors in order to function and therefore are functionally distinct from the 
5’ 1RES elements. It would be very interesting therefore to compare RhPV 5’ and 
IGR 1RES activity as well as look at the initiation factors and cellular trans-aciing 
factors that are required for RhPV 5’ 1RES activity using UV-crosslinking and RRL 
depletion experiments to identify factors able to bind the 1RES, and factors that have 
a stimulatory effect on 1RES function.
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Currently there is a lot of interest within the field in looking at the tertiary structure 
of 1RES elements. Work on eIF4G has enabled higher-order complex formation 
studies of cap-independent translation initiation using the EMCV 1RES 
(Marcotrigiano et ah, 2001). These workers used the method of mapping 
phylogenetically conserved, solvent accessible residues, and performed site directed 
mutagenesis to change the chemical properties of the eIF4G protein surface without 
altering the protein folding to identify the EMCV 1RES binding site on eIF4G 
(Marcotrigiano et al., 2001). This work has shown the specific area of the eIF4G 
molecule that interacts with the EMCV 1RES (the interrepeat face overlying repeats 
1, 2 and 3; Marcotrigiano et al., 2001) and by identifying the interactions between 
eIF4G, eIF4A and the EMCV 1RES, it has explained the synergistic interactions 
between these three. Other tertiary structure work has been performed on the HCV 
ERES element, where cryo-electron microscopy and NMR have been used to analyse 
HCV 1RES RNA structure (Kieft et al., 2002). This study has shown that stem loop 
Illb is responsible for the interaction of the HCV 1RES with eIF3. Mapping of the 
HCV IRES-40S ribosome complex using cryo-electron microscopy indicated that 
part of the 1RES protmded from the solvent exposed surface of the 40S ribosomal 
subunit. The Illb region of the HCV 1RES element is thought to be part of this 
protrusion, therefore this is a possible way in which eIF3 is able to interact with the 
IRES-ribosome complex and may aid in determining what part eIF3 plays in HCV 
IRES-mediated translation initiation (Kieft et al., 2002).
Beales et al., (2001) have used electron microscopy to look at the tertiary structure of 
the HCV 1RES element. Using this method they have identified domains II to TV of 
the HCV 1RES within the RNA molecule and also identified that PTB binds to
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domain III of the molecule. They have also identified a possible flexible hinge 
between domains II and III of the 1RES element. The flexibility of these domains 
may be required in the binding of the 40S ribosomal subunit to the HCV 1RES. A 
sample of the RhPV 5’ 1RES element has been sent to Lucy Beales to carry out 
electron microscopy experiments to look at the tertiary structure of this 1RES.
Studies using chemical and enzymatic probes of the HCV 1RES RNA in solution, 
and X-ray scattering experiments (Kieft et al., 1999) also support the findings of 
Beales et al., (2001) indicating that the HCV 1RES does not form a globular 
structure.
A great deal of further work on the RhPV 1RES is currently underway. Potentially 
the most interesting of which, is work being done in plant and insect systems. Prof. 
George Lomonossoff (John Innes) is testing the RhPV 5’ 1RES in a cowpea mosaic 
virus (CPMV) RNA-2-based expression vector (Gopinath et al., 2000) to study the 
activity of the 1RES in an in vivo plant system. The CPMV genome consists of two 
different RNA molecules (RNA-1 and RNA-2) that are separately encapsidated. The 
two RNAs are translated into polyproteins and cleaved (RNA-2 is translated into two 
carboxy coterminal proteins). RNA-1 encodes proteins involved in replication while 
RNA-2 encodes the coat proteins, a movement protein and another protein thought to 
be involved in replication. In the past, the jellyfish green fluorescent protein (GFP) 
has been used to show that CPMV is an efficient and stable vector in plants 
(Gopinath et ah, 2000). This vector is now being used to determine if the RhPV 5’ 
1RES is able to function in tobacco plants. The RhPV 5’ 1RES has been positioned 
upstream of GFP within the CPMV expression vector. Tobacco plants have been
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infected with the 1RES containing vector. If the 1RES is able to function in the plant, 
then the areas of the plant infected with the vector will fluoresce.
Prof. Vlak (Wageningen, Netherlands) is testing the RhPV 5’ 1RES in a baculovirus 
expression system. The 1RES element has been inserted into a bicistronic construct 
between GFP and a baculovirus gene GP64 (that is essential for virus budding), 
under the control of different baculovirus promoters (early, late and very late). 
Preliminary results indicate that the 1RES is able to function within this system. We 
eagerly await the results of these experiments to provide us with more information on 
the in vivo efficiency of the RhPV 5’ 1RES element in these different systems.
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Appendix 1 
Solutions
LB broth
10 g tryptone 
5 g yeast extract 
10 g NaClz
Made up to 1 litre with water and autoclaved 
LB agar
As above, but including 1.5% Bacto agar
TE buffer
5 ml Tris pH 7.5
lm l0 .5M E D T A pH 8
Made up to 500 ml with water and autoclaved
10 X TBE buffer
107.8 g Tris
55 g boric acid 
9.3gEDTA
Made up to 1 litre with water
2x TBE sample buffer
4 ml 10 X TBE buffer 
4 ml glycerol 
12 ml distilled water 
bromophenol blue dye 
xylene cyanol FF dye
Plasmid miniprep solutions
Resuspension solution/ Solution 1
50 mM glucose 
25 mM Tris pH8 
10 mM EDTA
Lysis solution/ Solution 2
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1 % SDS 
0.2 M NaOH
Neutralisation solution/ Solution 3
120 ml 5 M Kac 
23 ml glacial acetic acid 
57 ml water
12 %  SDS running gel
3.2 ml water 
10 ml AX2
6.3 ml acrylamide (40%)
100 • 1 20 % SDS
200 • 1 ammonium persulphate (100 mg/ml)
50 • 1TEMED
12 % SDS stacking gel
3.8 ml water
5 ml BX2
1 ml acrylamide
50 • 1 20 % SDS
100 • 1 ammonium persulphate
30 • 1 TEMED
AX2
45.3 g Tris dissolved in water, pH to 8.8 then made volume up to 500 ml 
BX2
15.12 g Tris dissolved in water, pH to 6.8 then made up to 500 ml 
Running buffer
3 g Tris
14.4 g glycine 
5 ml 20 % SDS
Made up to 1 litre with water
Coomasie stain
Destain containing enough coomasie to make the solution dark blue 
Destain
250 ml methanol
100 ml glacial acetic acid
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Made up to 1 litre with water
10 X MOPS
0.2 M MOPS
0.05 M sodium acetate
0.01 M EDTA
Made up to 1 litre with water and pH 7 with NaOH. Autoclaved
MOPS sample buffer
500 pi formamide 
lOOpl 10 X MOPS 
150pl formaldehyde
20 X SSC
175 g NaCl
88.2 g sodium citrate
Made up to 1 litre with water
DEPC-treated water
0.1 % DEPC in 1 litre water. Left for at least 12 hours in a fume hood, then 
autoclaved
Formaldehyde-agarose gels
3 g agarose
20 ml 10 X MOPS
170 ml DEPC-treated water
This was mixed, boiled and cooled, then 30 ml formaldehyde was added and mixed 
and the gel poured and allowed to set.
5 X Transcription buffer
200 mM Tris p H 7.9 
30 mM MgCl2 
50 mM NaCl 
10 mM Spermidine
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Appendix 2
Sequencing data of RhPV 5’ 1RES
The RhPV 5’ 1RES sequence in the pGEM-CAT/LUC vector, sequenced using the 
LUC primer (Table 2.1). DNA (800 ng) to be sequenced was added to 100 pmol 
sequencing primer (Sigma Genosys Ltd; see Section 2.10) and the volume made up to 
12 pi with autoclaved water. DNA was sequenced in a 373A DNA sequencer 
(Applied Biosystems) using the micro sequencing service with the School of 
Biomedical and Life Sciences, University of Surrey.
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Appendix 3
Sequencing data of RhPV 3’ truncated plasmids
Sequencing data of RhPV 3’ truncated plasmids (Figure 5.1; in order RhPV A4, 
RhPVAS and RhPVA6) using the LUC primer (Table 2.1). DNA (800 ng) to be 
sequenced was added to 100 pmol sequencing primer (Sigma Genosys Ltd; see 
Section 2.10) and the volume made up to 12 pi with autoclaved water. DNA was 
sequenced in a 373A DNA sequencer (Applied Biosystems) using the micro 
sequencing service with the School of Biomedical and Life Sciences, University of 
Surrey.
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Appendix 4
Sequencing data of RhPV 5’ truncated plasmids
Sequencing data of RhPV 5’ truncated plasmids (Figure 5.1 in order RhPVAl, 
RhPVA2 and RhPVA3) using the LUC primer (Table 2.1). DNA (800 ng) to be 
sequenced was added to 100 pmol sequencing primer (Sigma Genosys Ltd; see 
Section 2.10) and the volume made up to 12 pi with autoclaved water. DNA was 
sequenced in a 373A DNA sequencer (Applied Biosystems) using the micro 
sequencing service with the School of Biomedical and Life Sciences, University of 
Surrey.
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Appendix 5
Sequencing data of RhPV plasmids containing internal
mutations
Sequencing data of the RhPV plasmids containing internal mutations (Chapter 5; 
Figures 5.2 and 5.3; in the order RhPVLl, RhPVL3 and RhPYL7) using the primers 
LUC and RREV374 (Table 2.1) to check the inserted 1RES elements. DNA (800 ng) 
to be sequenced was added to 100 pmol sequencing primer (Sigma Genosys Ltd; see 
Section 2.10) and the volume made up to 12 pi with autoclaved water. DNA was 
sequenced in a 373A DNA sequencer (Applied Biosystems) using the micro 
sequencing service with the School of Biomedical and Life Sciences, University of 
Surrey.
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Appendix 6
Sequencing data of APV plasmid
Sequencing data of the CAT/APV/LUC plasmid (Chapter 6) using the LUC primer 
(Table 2.1) to check the inserted 1RES elements. DNA (800 ng) to be sequenced was 
added to 100 pmol sequencing primer (Sigma Genosys Ltd; see Section 2.10) and the 
volume made up to 12 pi with autoclaved water. DNA was sequenced in a 373A DNA 
sequencer (Applied Biosystems) using the micro sequencing service with the School 
of Biomedical and Life Sciences, University of Surrey. For the sequence of the 
CAT/SBV/LUC plasmid see Ghosh et al., (2000).
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